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A Short History of the University of Bologna

The University of Bologna is the oldest University in the Western world: the birth of
the cStudio* was conventionally fixed in 1088, but it had existed long before that:
it arose spontaneously in the 11th century as a free association of students and teachers,
who founded a school specialized in Roman law, the common cultural heritage of

all Western people.
The University of Bologna became famous with the motto tLegum Bononia Mater*

and its fame attracted students from all over Italy and Europe.
The students organized themselves into a union called 4'Unlversltas Scolarum.* to

defend their rights: the Union was divided into two: fUnlversitas Otramontanorum*

for italians and cUniversitas Ultramontanorum* for foreigners.
The relations between students and the tComune# of Bologna were sometimes

stormy because it was not too easy to reconcile the requests of the fUniversitass
with the institutional and social settlement of the city.

By the middle of the 13th century the cStudioA reached its masimum power and
began to teach many other subjects: canon law, rhetoric, medicine, philosophy and
theology. In the 14th century many other universities in France, England and Spain
were founded often with the same statutes and according to the same model of the

University of Bologna, known, from then on as "Alma Mater Studiorum "
In 1563 a magnificent building, the Archiginnasio, was built and became the centre

of all lectures.

The experimental methods and the new sciences were developed in the Academies,
which became the privileged place of scientific and philosophical research.

The most famous of these Academies in Bologna, the Institute of Science, founded
museums, libraries and laboratories in the building which became, from the Napoleonic

period onwards, the seat of the modem University, transferred here from the Archigin-
nasio.

Printed in Italy by
TECNOPRINT
Via del Leatore 3, Bologna

Published September, 1987
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Welcome to ESSDERC '87
It is a great pleasure and an honour to welcome you to the

17th European Solid State Device Research Conference ESSDERC '87.
This is the first time that the Conference is held in Italy,

and we have tried our best to make it a professionally-rewarding
as well as an enjoiable meeting. Next november the University of
Bologna is going to open its 900th Academic Year, and we are
proud to contribute by this scientific event to the celebrations
of the "Alma Mater Studiorum".

The general framework of the Conference follows the pattern
established over the recent years with a major innovation: the
Proceedings inclusive of both invited and extended abstracts of

the contributed papers, are made available to all the Delegates
attending the Conference and later on will be distributed

worldwide by North Holland Publishing Co. We hope this will
contribute to the success of the Conference and will increase its
impacts on the international scientific community.

Fourteen invited Speakers will present a survey of topics of
broad interest in both silicon and compound semiconductors
technology and devices, while "special sessions" have been

devoted to fast-developping subjects of particular relevance.
Furthermore, a one-day Workshop on SOI technologies has jointly

been organized with the Electronics Division of the
Electrochemical Society, and a panel discussion on "Very High

Speed Integrated Circuits" has been sponsored by the XIII Divi-
sion of the Comnission of the European Coimnunity.

The Call for Papers resulted in the submission of a record
number of 350 papers from 20 Countries, from which about 200 have

been selected by the Scientific Program Coimmittee and arranged
in three daily parallel sessions and four poster sessions.

The technical program of the Conference appears to be quite

demanding and the time allowed to Authors necessarily limited,
but we hope that the ESSDERC '87 will be an useful professional

experience, an occasion to meet c' O:iends and to make new

acquaintances, and an opportunity tc d nover some of the many

beauties of Bologna.
We would like to thank all those who contributed to the

organization of the Conference by selecting papers, planning.

programmes, chairing sessions and doing the many other
organizational tasks.

Finally, a special acknowledgement is due to the Organiza-
tions, listed in a separate page, who have sponsored and
supported the Conference.

Pier Ugo Calzolari

Giovanni Soncini
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The Conference -has been organized by:

Dipartiniento di Elettronica, Informatica e Sistemistica, (DEIS)
Universit& di Bologna
Istituto CNR - LAMEL
Consiglio Nazionale deli. Ricerche (CNR)
AEI Gruppo Specialistico CCTE

The organizers gratefully acknowledge support provicded to the Conference by:

University of Bologna
Comune di Bologna
Regione Emilia-Romnagna
The Regional Board for Economic Dev. (ER VET)
Associazione Elettrotecmca ed Elettronica Italiana, (AEI)
IEEE North Italy Section
IBM Italia
SGS Microelettronica

Aurel - Forli
4Bi -Rad -Milan

Datalogic - Bologna
Dynamite Nobel Silicon - Novara
Electrochemical Society - Electronics Division
European Materials Research Society
European Physical Society
Gruppo Nazionale Struttura della, Materia (GNSM -CNR)
GTE Telecomunicazioni - Milan
Hewlett Packard Italiana - Milan
Honeywell Bull - Milan
Kormak - Bologna
Officmne Galileo - Florence
Olivetti - Ivrea

r Selenia - Rome
Siemens - Munich
SMA - Florence
Telettra - Milan
USAF European Office of Aerospace Res. and Dev. - London
US Army European Research Office - London

U.S.A. representative: M. Arienzo, IBM, USA

Japan representative: T. Ikoma, Tokio University

China representative: Tong Qin-Yi, Nanjing Institute of Technology
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ORGANIZING COMMITTEE

G. Soncini Chairman - Istituto CNR - LAMELY
Scuola Ingegneria Aerospaziale - Universiti di Roma <<La Sapiepza

P.U. Calzolari Co-Chairman - Universiti di Bologna
V.A. Monaco Finance Chairman - Presidente Gruppo Specialistico AEI-CCTE

Chairman IEEE North Italy Section
G.C. Corazza Presidente Fondazione G. Marconi
D. Nobili Direttore Istituto CNR-LAMEL
A. Paoletti Direttore Progetto Finalizzato (<Materiali e Dispositivi per l'Elet-

tronica a Stato Solido>> del CNR
A. Stella Presidente GNSM e Direttore CISM
G. Grata CEE ESPRIT Programme - Head of Microelectronics Division
J.P. Noblanc Chairman ESSDERC-ESSCIRC Steering Committee
B.L.M. Wilson Chairman ESSDERC '86
J.P. Nougier Chairman ESSDERC '88

SCIENTIFIC COMMITTEE

G. Baccarani Univ. di Bologna Italy
L. Baldi SGS Microelettronica Italy
P. Balk Aachen Univ. W. Germany
G. Bentini CNR-LAMEL Italy
G. Bomchil CNET France
A. Broers Cambridge Univ. U.K.
A. Cetronio SELENIA Roma Italy
G. Declerck IMEC Belgium
V. Ghergia CSELT Torino Italy.
M. Ilegems Lausanne Inst. of Technology Switzerland
F. Klaassen PHILIPS Netherlands
M. Kniepkamp SIEMENS W. Germany
H. Martinot CNRS France
M. Montier EFCIS Thomson France
E. Munoz Merino Madrid University Spain
G.F. Piacentini TELETTRA Milano Italy
J. Robertson Edimburg Univ. U.K.
P. Rocchi LEP France
H. Ryssel Erlangen-Nurnberg University W. Germany
S. Selberherr Wien University Austria
J. Turner Plessey Research U.K.
P. Weissglass Inst. Microwave Technology Sweden
A. Wieder SIEMENS W. Germany
C. Wood G.E.C. Wembley U.K.

SPECIAL SESSIONS ORGANIZERS

B. Ricc6 Univ. of Bologna Italy
Monte Carlo simulation for device modelling

W. Orr-Arienzo IBM East Fishkill USA
Gettering phenomena in silicon and related device effects

L. Treitinger Siemens W. Germany
Ultrafast silicon bipolar devices

M. Melchior RTH, Zurich Switzerland
Ultrafast optoelectronics

J. Robertson University of Edinburg U.K.
Test structures for I.C. devices and process evaluation

F. Fantini Telettra, Milano Italy
Reliability Physics
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SUNDAY. SEPTEMBER 13, 1967I CONFERENCE REGISTRATION: 4.00 p~m. - 7.00 p.m. Conference Desk
A. P R 1167Palazzo dolla Culture a del Congressl. Flora District

CONFERENCE- REGISTRATION~: 8.00 a.m. - 7.00 p.m.

9.30 a..- 10.00 a.m.: OPENING CEREMONY - Chairman: P.U. Calzolari. G3. Sonclni - Sala Europa

10.00 am.. 10.45 a.m.

IPA: BIPOLAR-CMOS COMBINED PROCESSES: DREAM OR NIGHTMARE?
Invited: P.A.H. Hart - Chairman: W. Heywang.- Sala Europa

11. 15 am. - 12.30 a.m. 11. 15 a.m. -11.45 am.
A1.1. BIPOLAR-CMOS IP.2: NEW DEVELOPMENTS IN SOLID STATE DETECTORS
Chairman: G. Zocchi [Invited: E. Gatti - Chairman: A. Pacletti - Sale Italia __________________________________________

BI. 1: COMPOUND SEMICONDUCTORS C1.1- POWER DEVICES I

TECHNOLOGY I Chairman: A. Stalls
Chairman: H. Martinot - Sale Italia Sale Bianca

2.00 p.m. - 2.40 p.m.
IP.3: PROCESSING AND CHARACTERIZATION OF ULTRASMALL SILICON DEVICES
invited: G. Sai-Halasz - Chairman: F.M. Klaassen - Sala Europa_________________

2.45 p.m. - 3.30 p.m. 2.45 p.m. -3.45 p.m. 2.45 p.m. -3.45 p.m.
A1.2: ULTRASMALL MOS DEVICES B1.2: MONTECARLO DEVICE SIMULATION I C1.2: COMPOUND SEMICONDUCTORS
Chairman: F.M. Klaessen Chairman: B. Ricc6 TECHNOLOGY II
Sale Europa Sale Italia Chairman: A. Cetronio - Sale Bianca

4.00 p.m..- 5.30 p. m. 4.00 p n. -.4.30 p.m.
A1.3: MOS RELIABILITY I IPA4: ViSIBLE LIGHT a-SiC THIN FILM LED AND ITS APPLICATION
Chairman: T.F. Retajczyk TO NEW OE FUNCTIONAL ELEMENTS
Sala Europa Invited: Y. Hamalcawa - Chairman: 0. Nobili - Sale Italia

4.30 p.m..- 5.30 p.m. 4.30 p.m..- 6.00 p.m.
81.3: MONTECARLO DEVICE POSTER SESSION
SIMULATION 11 P1.1.a: SILICON METALIZATION
Chairman: B. Ricc6 - Sale Itala AND CONTACTS

P1.1.b: SENSORS AND DETECTORS
Foyer Italia

TUESDAY, SEPTEMBER 15, 1167

9.00 a.m. -9.40 a.m.
IRS: TRENDS IN THREE DIMENSIONAL INTEGRATION
Invited: Y. Akasaka - Chairman: R. Van Overstraetene - Sala Europa________________

9.45 a.m. - 11.00 a.m. 9.45 a.m. - 10.45 a.m. 9.45 a.m. - 11.00 a.m. 9.45 a.m. - 10.45 am.
82.1: SOI WORKSHOP I A2.1: ULTRAFAST BIPOLAR I C2.1: GaAs DEVICE MODELLING D2.1: GETTERING I
Chairman: 0. Mc Caughan Chairman: L Treitinger Chairman: E. Munoz Morino Chairman:- W. Orr Arienzo
Sale Italia Sale Europa Sale Bianca Sale Azzurra

11. 15 a.m. - 12.45 a.m. 11.15 a.m. - 12.30 a.m. 11.15 a.m. - 11.45 a.m.
82.2: SOI WORKSHOP 11 A2.2: ULTRAFAST BIPOLAR 11 IPA6: CVD AND INTEGRATED CIRCUITS METALLIZATION
Chairman: D. Mc Caughan Chairman: L Treitinger Invited: J.0. Carlson - Chairman: G3. Bomchil -Sala Bience

Sal Ieli Sle urpa11.45 a.m. - 12.30 am. 11.45 am. - 13.00 am.
C2.2: MOS MODELLING IPOSTER SESSION
Chairman: G. Baccaranl P2.1.&: SI PROCESSING AND
Sale Bianca PROCESS MODELLING

P2.1.b: MOS PROCESSING

_______________________ _________________________ IFover Italia

2.00 p.m..- 3.45 p.m. 2.00 pm. - 2.40 p.m.
82.3: SOI WORKSHOP I II IP.7: BIPOLAR HETEROJUNCTION TRANSISTORS: OUT OF MODELS INTO REALITY
Chairman: 0. Mc Caughan Invited: A.J. Holden - Chairman: M. Kniopkamp -Sale Euaropa_______________

SaeItla2.45 p.m. -.3.30 p.m. 2.45 pm. -.3.X) P.M. 2.45 p.m. .3.30 p.m.
A2.3: ULTRAFAST BIPOLAR III C2.3: MOS MODELLING 11 D2.2- GETTERING, It
Chairman: L Treltingar Chairman: S. Selberherr Chairman: W. Orr-Arienzo
Sale Europa Sale Bianca ,jSale Azzurra

4.00 pan,.. 5.30 p.m. 4.00 p.m. - 5.45 p.m. 4.00 p.m. - 4.30 p.m.
82.4: GaAs MESFET A2.4: CMOS TECHNOLOGY IP.& ION BEAM LITHOGRAPHY
RELIABILITY Chairmen: L BeidI Invited- H. Libschner - Chairmen: A. Brow's - Sale Bianca
Chairman: F. Fantini Sale Europe 4.30 p.m. - 5.45 p.m. 4.30 p.m. - 6.00 p.m.

SaaItlaC2.4.- POWER DEVICES I I POSTER SESSION
Chairmen: E. Rimini P2.2.a: MOS DEVICES. MEASU-
Sale Blan"ca REMENTS AND SPECIAL DEVICES

P2.2.b: MOS RELIABILITY 11
_______________ __________________________________________Foyer Italia
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WEDNESDAY, SEPTEMBER 16, 1987

9.00 a.m. - 9.40 a.m.
IP.9: TRENDS IN NON-VOLATILE MEMORY DEVICES AND TECHNOLOGIES
Invited: H.E. Mass - Chairman: G. Declerck - Sala Europa
9.45 a.m. - 10.45 a.m. 9.45 a.m. - 10.45 a.m. 9.45 a.m. - 10,45 a.m. 9.45 a.m. - 10.45 a.m.
A3.1: MOS MEMORIES B3.1: LATCH-UP PANEL SESSION D3.1: LASER,
Chairman: G. Declerck Chairman: M. Montier VERY HIGH SPEED Chairman: C. Wood
Sala Europa Sala Italia INTEGRATED CIRCUITS Sala Azzurra

Chairman: H. Wieder
Sala Bianca

11.15 a.m. - 12.30 a.m. 11.15 a.m. - 11.45 a.m. 11.15 a.m. - 11.45 a.m.
A3.2: THIN MOS IP.10: LIGHT-GUIDED ETCHING FOR III-V IP.11: DESIGN AND PERFORMANCE
DIELECTRICS SEMICONDUCTOR DEVICE FABBRICATION OF HIGH POWER SEMICONDUCTOR LASERS
Chairman: P. Balk Invited: D. Podlesnik- Chairman: G. Bentini Invited: K. Mettler -Chairman: T. Ikegami
Sala Europa Sale Italia Sala Bianca

11.45 a.m. - 12.30 a.m. 11.45 a.m. -12.30 a.m. 11.45 a.m. - 12.30 a.m.
B3.2: COMPOUND PANEL SESSION D3.2: LASER II
SEMICONDUCTORS VERY HIGH SPEED Chairman: J. Turner
TECHNOLOGY III INTEGRATED CIRCUITS Sala Azzurra
Chairman: G.F. Piacentini Chairman: H. Wieder
Sala halia Sala Bianca

2.00 p.m. - 7.00 p.m.
EXCURSION BY COACH TO RAVENNA

9.00 p.m. - 12.00 p.m.
GALA DINNER IN "PALAZZO ALBERGATI"
Bus departure to Palazzo Albergati: from Palazzo dei Congressi: at 8.30 p.m.

from Central Railway Station: at 8.30 p.m.
from Piazza Maggiore: at 8.30 p.m.

THURSDAY, SEPTEMBER 17, 1967

9.00 a.m. - 9.40 a.m.
IP.12: INTEGRATED OPTICS: LiNbO OR SEMICONDUCTORS?
Invited: M. Papuchon - Chairman: J.P. Rhoblanc - Sala Europa

9.45 a.m. - 10.45 a.m. 9.45 a.m. - 10.45 a.m. 9.45 a.m. - 10.45 a.m.
A4.1: INTEGRATED 84.1: BIPOLAR MODELLING I C4.1: TEST CHIPS
OPTOELECTRONICS I Chairman: H.C. DeGraaff Chairman: J. Robertson
Chairman: P. Rocchi Sala Italia Sala Bianca
Sala Europa

11.15 a.m.- 12.30 &m. 11.15 a.m.- 11.45 a.m.
A4.2: INTEGRATED IP.13: THE PHYSICS OF SILICIDE BASE TRANSISTORS
OPTOELECTRONICS II Invited: E. Rosencher -Chairman: H. Ryssel
Chairman: V. Ghergia Sala Italia

Europa 11.45 a.m. - 12.30 a.m. 11.45 a.m. - 13.00 a.m.

B4.2: BIPOLAR MODELLING II POSTER SESSION
Chairman: H.C. Do Graaff P4.1.a: GaAs TECHNOLOGY
Sala Italia AND DEVICES

P4.1.b: OPTOELECTRONICS
Foyer Italia

2.00 p.m. - 2.40 p.m.
IP.14: HEMT AND MQW BASED IC. TECHNOLOGY FOR ULTRA-HIGH SPEED SIGNAL PROCESSING
Invited: A. Christoy - Chairman: B.LM. Wilson - Sala Europa
2.45 p.m. - 4.00 p.m. 2.45 p.m. - 4.00 p.m. 2.45 p.m. - 4.00 p.m.
A4.3: BIPOLAR TECHNOLOGY B4.3: ULTRAFAST OPTOELECTRONICS C4.2: LATE NEWS
Chairman: A. Wieder Chairman: M. Melchior Chairman: P.U. Calzolari
Sala Europa Sala Italia Sala Bianca
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Technical Program Contents

MONDAY, SEPTEMBER 14, 1987

SALA EUROPA - CHAIRMEN: P.U. CALZOLARI AND G. SONCINI

9.30 Opening Ceremony

SALA EUROPA- CHAIRMAN: W. HEYWANG

10.00 IPA Bipolar-CMOS combined processes. Dream or nightmare? (invited)
P.A.H. Hart
Philips Research Labs., Eindhoven, NL

SALA ITALIA -CHAIRMAN: A. PAOLETTI

11.15 IP.2 New developments in solid-state detectors (invited) 9
E. Gatti, A. Longoni and M. Sampietro
Politecnico of Milan, Milan, Italy

SESSION Al.1: BIPOLAR-CMOS
Monday, September 14, 1987

SALA EUROPA - CHAIRMAN: G. ZOCCHI

11.15 Al.1.1 The usefulness of advanced drain structures as emitters in scaled 25
BICMOS
J. Winnerl, F. Neppl, B. Volmer, M. Stegherr and B. Pf'ffel
Siemens, MOnchen, FRG

11.30 A1.1.2 1.2 pm Bi-CMOS technology with high performance ECL 29
H. Iwai, Y. Niitsu, G. Sasaki, M. Norishima, K. Shino, Y. Unno, K. Tsugaru,
H. Hara, Y. Sugimoto and K. Kanzaki
Toshiba, Kawasaki, Japan

11.45 A1.1.3 Multipower BCD 250V: a versatile technology to realize high 33
performance PICs
A. Andreini, C. Contiero and P. Galbiati
SGS Microelettronica, Milan, Italy

12.00 AL.I.4 A 1.5 pm analogue CMOS process
J.N. Ellis, J.G. Daniels and D.J. Wilcox
Plessey, Caswell, UK
(extended abstract not available at the time of printing)

12.15 AI.I.5 Rapid thermal processing of polysilicon emitter bipolar transistorsina 37
combined CMOS/Bipolar process
L.A. Grant, D.W. McNeill
STC Technology, Harlow, UK
P.F. Blomley
LSI Logic, Bracknell, UK

IX



SESSION B 1.: COMPOUND SEMICONDUCTORS TECHNOLO)GY I
Monday, September 14, 1987

SALA ITALIA - CHAIRMAN: H. MARTINOT

11.45 B1.1.1 Substrate influences on the activation of ion implanted Si in GaAs 43
R.D. Schnell and H. Schink
Siemens, Mfinchen, FRG

12.00 11.2 Comparison of rapid annealing and furnace annealing of Si implanted 47
into GalnAs
J. Splettst~sser, H. Heeset, U. Breuer, W. Albrecht and H. Beneking
Aachen Technical Univ., Aachen, FRG
D. Schmitz
Aixtron, Aachen, FRG
J. Selders
Telefunken Electronic, Heilbronn, FRG

12.15 BI.1.3 Yield-performance considerations for ion-implanted GaAs integrated 51
circuits based on substrate material properties
C. Lanzieri, R. Graffitti, C. Calori, S. Rapisarda and A. Cetronio
SELENIA, Rome, Italy

SESSION C1.1I: POWER DEVICES I
Monday, September 14, 1987

SALA BIANCA - CHAIRMAN: A. STELLA

11.45 C1.1.1 A novel 1500 volt IGBT device with improved turn-off performance 57
J. Blake, H.E. Brockman and R.W. Cooper
Philips Res. Labs, Redhill, UK

12.00 C1.l.2 Design of a 1600 V power bipolar mode FE!' 61
P. Spirito and G. Vitale
Naples Univ., Dptm. of Electronics Engiritering, Naples, Italy
G. Busatto
IRECE-CNR, Naples, Italy
G. Ferla and S. Musumeci
SGS Microelettronica, Catania, Italy

12.15 C1.1.3 Modelling bipolar tranuitor second breakdown during turn-off by 65
solution of the fundamental device equations
S.A. Higgins, M.K. Johnson, P.A. Gough and J.A.G. Slatter
Philips Res. Labs., Redhill, UK

SALA EUROPA - CHAIRMAN: F.M. KLAASSEN

14.00 F.3 Processing and characterization of ultrasmall silicon devices (invited) 71
G.A. Sai-Halasz
1MB, T.J. Watson Res. Center, Yorktown Heights, NY, USA

Ii x



SESSION Al .2: ULTRASMALL MOS DEVICESMonday, September 14, 197
SALA EUROPA -CHAIRMAN: P.M. KLMBSSEN

14.45 A1.21 Half-ikrouetur N-MOS technology using X-Ray lithography 83
V. Lauer, F. Bauer. J.- Korec and P.- Balk
Aachen Technical Univ., Aachen, k'RG
H. Huber
Fraunhofer-Institut, Berlin, FRG

15.00 A1.2.2 Offset diffused drain transitors for half-micron CMOS 87
P.H. Woerlee, C.A.H. Juffermans, H. Uia, F.M. Oude Lansink, H.JlL
Merks-Eppingbroek, T. Poorter and A.J. Walker
Philips Res. Labs. Eindhoven, NL

15.15 A1.2.3 0.5 pm CMOS Device design and characterization 91
A.I. Hanafl, M. R. Wordenian, L.K. Wang, Y. Taur, J.Y.C. Sun, R.H. Dennard,
D. S. Zicherman and M.D. Rodriguez
IBM, TiJ. Watson Res. Center, Yorktown Heights, NY, USA
N. Haddad, A. Edenfeld and M. Polavarapu
IBM FSD, Manassas, VA, USA

SESSION B 1.2: MONTE CARLO DEVICE SIMULATION I
Morday, September 14, 1987

SALA ITAL1A - CHAIRMAN: B. RKC0'

14.45 B1.2.1 Monte Carlo simulation of semiconductor devices: a critical review 97
P. Lugli and C. Jacoboni
Modena Univ., Modena, Italy

15.00 11.2.2 A Monte Carlo study of diffusion coefficients of two-dimensional 103
electron gas in HEMT A)GaAs-GaAs structures
J. Zimmerman and Y. Wu
Lille Univ., Villeneuve d'Ascq, France

15.15 31.3 Monte Carlo simulation of clinicaml and inverted MODFET structure 107I R. Fauquembergue, M. Pernisek, J. L. Thobel and P. Bowrel
L Lille Univ., Villeneuve d'Ascq, France

15.30 31.2.4 The particle simulation of self-alignud GaAs MESFETs with a sub- I1I
micrometer gate-ionght
Y. Yamada, S. Ikeda and N. Shimojoh
Kumamoto Univ., Kumamoto, Japan

XI



SESSION C1.2: COMPOUND SEMICONDUCTORS TECHNOLOGY l1
Monday, September 14, 1987

SALA BIANCA - CHAIRMAN: A. CETRONIO

14.45 C1.2.1 Redistribution of ion-implanted mercury during rapid thermal 117
aru,,zling of GalnAs and InP
J.H. Wilkie and B.J. Sealy
Surrey Univ., Guildford, UK

15.00 C1.2.2 Rapid thermal annealing of Be implants into undoped InP 121
W. Hfussler,
Siemens, Minchen, FRG

15.15 CI.2.3 Accumulation of implanted hydrogen at the superlattice/substrate 125
interface
J.M. Zavada
USARDSG, London, UK
R.G. Wilson
Hughes Res. Labs, Malibu, CA, USA
S.W. Novak
Evaiis Ass., Redwood City, CA, USA

15.30 CI.2.4 Multipolar plasma treatments of InGaAs surface for MIS devices 129
aplications
M. Renaud, P. Boher, J. Barrier, J. Schneider and J.P. Chand
LEP, Limeil Brevannes, France

SALA ITALIA - CHAIRMAN: D. NOBILI

16.00 EP.4 Visible light a-SiC thin film LED and its application to new OE.func- 135
tional elements
Y. Hamakawa, D. Krungam, H. Okamoto and H. Takakura
Osaka Univ., Osaka, Japan

SESSION A1.3: MOS RELIABILITY I
Monday, September 14, 1987

SALA EUROPA - CHAIRMAN: T.F. RETAJCZYK

16.00 A1.3.1 Comparison between hot-carrier* drift and radiation damage in MOS 145
devices
A.G. Sabnis
AT & T Bell Labs., Allentown, PA., USA

16.15 AI.3.2 The role of holes and electrons in the aging of MOS transistors 151
M. Tosi, L. Baldi and F. Maggioni
SGS Microelettronica, Milan, Italy

16.30 AI.3.3 The voltage dependence of degradation in N-MOS transistors 155
B.S. Doyle, M. Bourcerie, J.C. Marchetaux and A. Boudou
BULL S.A., Les Clayes souz Bois, France
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16.45 A1.3.4 Characteriation and analysis of hot-carrier degradation in p-duann.! 159
transistors using constant Current Stress experments
R. Beliens, P. Heremans, G. Groeseneken and H.E. Maas
IMEC, Leuven, Belgium

17.00 ALM3. Correlation between flatband voltage shift in MOS capacitors and 163
endurance degradation of EEPROM cells
J. Manthey, M. Dutoit and M. Ilegems
Federal Institute of Technology, Lausanne, Switzerland

17.15 A1.3.6 Degradation phenomena of tunnel oxide floating gate EEPROM 167
devices
J. S. Witters, G. Groeseneken and H.E. Macs
IMEC, Leuven, Belgium

SESSION B 1.3: MONTE CARLO DEVICE SIMULATION 1I
Monday, September 14, 1987

SALA rrALIA- CHAIRMA: 3. RIOCO'

16.30 111.3.1 A Monte Carlo approach to the study of the dirft-dlfusion transport 173
model
C. Mantilli, F. Venturi, B. Ricc6 and E. Sangiorgi
Bologna Univ., Bologna, Italy

16.45 B1.3.2 Hot electron dynamics Monte Carlo simulation in heterostructure 177
semiconductor devices
F. Antonelli
IBM, Roma, Italy
P. Lugli
Modena Univ., Modena, Italy

17.00 113.3 A Monte Carlo analysis of diffusion-noise properties in GaAs-AIGaAs 181
Quantum Welk~I S.M. Goodnick
Oregon State Univ., Corvallis, Oregon, USA
R. Brunetti
Modena Univ., Modena, Italy

17.15 13A A deterministic particle method for the semiconductor Boltzmann 185
equation

k ~P. Degond, B.- Niclot and F. Guyot
Ecole Polytechnique, Palaiseau, France
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SESSION P1.1: POSTERS
16.30 Monday, Septemnber 14, 1987

a. Silion Metalizatlon and contacts

P1.1.1 TiW as a direct contact material and a diffusion barrier to n' and p' 191
implanted areas
A Lindberg and M. Ostling
Inst. of Microwave Technology, Stockholm, Sweden
H. Norstr6m and U. Wennstr6m
RIFA, Stockholm, Sweden

P1.1.2 Comparison of the behaviour of As during Ti and WSi 2 formation 197
J. Torres, J.C. Oberlin, G. Bomchil and A. Perio
CNET, Meylan, France
D. Levy
Bull, Les Clayes-sous-Bois, France
A. Saulmier, J.P. Ponpon and R. Stuck
CNRS, Centre de Recherches Nucicaires, Strasbourg, France

P1.1.3 LPCVD tungsten filled vias for multilayer metaliztion 201
S.L. Zhang, R. Buchta and T. Johansson
Inst. of Microwave Technology, Stockholm, Sweden
H. Norstr~m and U. Wennstr~m
RIFA, Stockholm, Sweden

P1.1. AI/TiN/TiSi 2 contacts to ultra shallow junctions 205
E. Ling, H.S. Gamble, B.-M. Armstrong and J. H. Montgomery
The Queen's Univ., Belfast, N. Ireland

P1.1.5 The effect of ion-irradiation and rapid thermal annealing on TiSi2 and 209
MoSi2

j L. Gronberg, J. Saarilahti and I. Sumi
Techn. Res. Centre, Otakaari, Finland

j Ch. Krontiras
Patras Univ, Patras, Greece

P1.1.6 Evaluation of electromigration activation energy by means of noise 213
nmaurements and MTF tests

A. Diligenti, P.E. Bagnoli and B. Neri
Pisa Univ., Pisa, Italy

G. DecSaniui
SG relettr oia, Milan, Italy

P1.1.7 Electromlgration contnro the acelrate BEM teS : 2oprsn 217

L. Bacc, C. Caprdl F an .Dcn ti

SGS Microelettronica, Milan, Italy



P1.19 Electrical and structural characterization of electromigration in 225
Al-Si/Ti multilayer interconnects
M. Finetti, A. Scorzoni, A. Armigliato and A. Garulli
CNR-LAMEL, Bologna, Italy

DI 1. Suni
Technical Res. Center, Otakaari, Flidand

P1.1.10 Plasmna-enhanced chemical vapour deposition on silicon and silicon 229
dioxide substrates
C.M.T. Hodson, J. Wood and M. Middleton
York Univ., Dptm. of Electronics, York, UK

P1.1.11 Plasma anodization of sihicides 233
B. Pelloie, J. Perriere, J.P. Enard and A. Laurent
Univ. of Paris VII, Paris, France
1. Montero, A. Climent, R. Perez and J.M. Martinez-Duart
Univ. Autonoma Cantoblanco, Madrid, Spain
R. Nipoti and S. Guerri
CNR-LAMEL, Bologna, Italy

{P1.1.12 A novel process for silicide formation using dynamic recoil mixing 237
L. Haworth, R. Hoiwill and J.M. Robertson
Edimburgh Univ., Edimbugh, UK
A. E. Hill and R. Pilkington
Univ. of Salford, Salford, UK

b. Sensors and detectors
P1.1.13 Simulation of gate-controlled double-injection S01 structures: appli- 241
cation to micromagnetodiode sensors
G. Dimopoulos, F. Balestra, A. Chovet, M. Benachir and J. Brimi
ENSERG, Grenoble, France

P1.1.14 Optimization of p-implanted silicon bolometers; 245
E. Baciocco, C. Boragno and U. Valbusa
Dip. Fisica, Univ. of Genova, Italy
C. Bresolin and G. Pignatel
SGS Microelettronica, Milan, Italy

P1.1.15 Large-area silicon detectors for calorimetry in high-energy physics 249
B. Passerini, M. Zambelli and P.E. Zani
Ansaldo, Genova, Italy

P1.1.16 A Magnetic field sensor using a graded gate potential 253
B. S. Gill and E. L. HeasellI Univ. of Waterloo, Waterloo, Ontario, Canada
P1.1.17 Numerical modelling of magntic field senisitive M08FET 257
Ho Yle, Wei Tongli and Shen Kechang
Nanjing Inst. of Technology, Nanjing, China

PLUS.1 Enzymatic reaction heat detection by a pyroelectric device
R. Mercuni
I.E.S.S.-CN, Roma, Italy

XV



A. Barbaro, V. Baroncelli, C. Colapicchioni, R. Colilli, I. Giannini and M.
Lupoli
Eniricerche, Monterotondo (Roma), Italy
A. D'Amico
L'Aquila Univ., L'Aquila, Italy
(extended abstract not available at the time of printing)

P1.1.19 Research on the growth condition of CdTe single crystal for y-ray 261
detectors
K. Mochizuki and K. Masumoto
Tohoku Univ., Sendai, Japan

TUESDAY, SEPTEMBER 15, 1987

SALA EUROPA - CHAIRMAN: R. VAN OVERSTRAETEN

9.00 1P.5 Trends In three.dinenional integration (invited) 265
Y. Akasaka
LSI Lab., Mitsubishi Electric Co., Japan

SESSION A2.1: ULTRAFAST BIPOLAR I
Tuesday, September 15, 1987

SALA EUROPA - CHAIRMAN: L. TREITINGER

9.45 A2.11 History, present trends and scaling of silicon bipolar teenology 277
(invited)
Tak H. Ning
IBM, T.J. Watson Res. Center, Yorktown Heights, NY, USA

10.15 A2.1.2 PABLO vs double-poly. A Comparison of two high-performance 283
bipolar technologies
R.A. Van Es and D.J.W. Noorlag
Philips Research Labs., Eindhoven, NL

1030 A21.3 Rapid annealing for shallow junction formation 287
A. E. Michel
IBM, T.J. Watson Res. Center, Yorktown Heights, NY, USA

SESSION B2.1: SOI WORKSHOP I
Tuesday, September 15, 1987

SALA ITALIA -CHAIRMAN: D. MC CAUGHAN 4

9.45 B2.11 Recrystallization of SOI fims by a pseudoline electron beam (invited) 293
H. Ishiwara and S. Horita
Tokio Inst. of Technology,Yokohama, Japan

10.15 92.1.2 A comparative study of starting materials for SO device fabrication 299
obtained by different laser recrystallization procedures and material struc-
tures
D.J. Wouters, M.R. Tack, P.W. Mertens,, H.E. Maes and C.L. Claeys
IMEC, Leuven, Belgium

XVI



1030 3 2.1.3 A 3D-SOI intelligent power structures 303
B. Dunne, C.G. Cahill, A. Mathewson and W.A. Lane~University Collegd Cork, Ireland
M. Montier and D. Chapuis

i Thompson EFCIS, France

10.45 12.1.4 Analysis of nonuniformly doped SO MOSFET's 307
P. Paelinck, 0. Vancauwenberghe and F. Van de Wiele
Univ. Catholique de Louvain, Louvain-La-Neuve, Beglium

SESSION C2.1: GaAs DEVICE MODELLING
Tuesday, September 15, 1987

SALA BIANCA- CHAMAN: E. MUNOZ MERINO

9.45 C2.1.1 Modelling of the drain lag effect in GaAs MESFET's and its impact 313
on digital IC's
T. Ducourant and M. Rocchi
LEP, Limeil-Brevannes, France

10.00 C2.1.2 Modelling a~ad simulation of wave propagation effects in MESFET 317
devices based on physical models
G. Ghione and C.U. Naldi
Politecnico of Torino, Dept. of Electronics, Torino, Italy

10.15 C2.1.3 Accurate nonlinear characterization and modelling of the GaAs FET 321
Y. Bonnaire and E. Allamando
Centre Hyperfrequencies et Semiconducteurs
Lille Univ., Villeneuve D'Ascq, France

10.30 C2.1.4 ACAD model for heterojunction bipolar transistors
J. Dangla, M. Laporte, P.Y. Merrer and E. Caquot
CNET, Bagneux, France
(extended abstract not available at the time of printing)

10.45 C2.1.5 A three-dimensional model with distributed elements for GaAs 325
MESFErs and similar devices
W. Wiesbeck, S. Haffa and H.P. Feldle
Karlsruhe Univ., Karlsruhe, FRG

SESSION D2.1: GETTERING I
Tuesday, September 15, 1987

SALA AZZURRA -CHAIRMAN: W. ORR -ARIENZO

9.45 D2.1.1 Intrhinicgetterig:senseornonsense? 331
J. Vanhellemont and C. Claeys
IMEC, Leuven, Belgium
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10.00 D2.1.2 Lifetime engineering by oxygen precipitation in sIlicon 335
M.L. Polignano and G.F. Cerofolini
SGS Microelettronica, Milan, Italy
H. Bender and C. Claeys
IMEC, Heverlee, Belgium

. Reffle
Wacker Chemitronic, Burghausen, FRG

10.15 D2.1.3 A model for oxygen phase transition kinetics in CZ-grown silicon 339
and its application to IC processes
M. Pagani
Dynamit Nobel Silicon, Novara, Italy
W. Huber
Dynamit Nobel Silicon Tech. Center, Sunnyvale, CA. USA

10.30 D2-.4 Influence of intrinsicgettering on silicon recombination properties 343
and their relation to device performance
M. Kittler, H. Richter and W. Seifert
Academy of Sciences, Frankfurt (Oder), DDR

SALA BIANCA - CHAIRMAN:G. BOUCHIL

11.15 IP.6 CVD and Integrated circuits metallization (InvIted) 347
J.0. Carlsson
Uppsala Univ. Institute of Chemistry, Uppsala, Sweden

SESSION A2.2: ULTRAFAST BIPOLAR U1
Tuesday, September IS, 1987

SALA EUROPA - CHAIRMAN: L. TRErrINGER

11.15 A2.2.1 Self aligned technology for sub-100 nm deep base junction tran- 361
sistors
M. Nakamae
NEC, Kanagawa, Japan

11.30 A2.2.2 Vertical scaling considerations for polysilicon-emitter bipolar tran- 365
sisters
H. Schaber, J. Bieger, B. Benna and T. Meister
Siemens, Mtlnchen, FRG

11.45 A2.2.3 Trench isolation schemes for bipolar devices: benefits and limiting 369
aspects
H. Goto and K. Inayouhi
Fujitsu, Kawasaki, Japan

12.00 A2.2.4 A salickle base contact technology (SCOT) for use in high speed 373
bipolar VLSI
T. Hirso, T. Ikeda and Y. Kuramisu
LSI Lab., Mitsubishi, Itami, Japan

i 12.15 A2.2- Trends in hecantin silcon btpolar transistors 377R. Mortens, J. Nijs, J. Symons, K. Baert and M. Ghannam

IMEC, Leuven, Belgium

XVIII



SESSION B2.2: SO! WORKSHOP U
Tuesday, September IS, 1987

SALA ITALIA - CHAIRMAN: D. MC CAUGHAN

11.15 B2.2.1 Electrical parameters of SO! material obtained by ZMR and oxidized 385
porous silcon (invited)
M. Haond, G. Bomchil, J.L. Regolini, D. Bensahel, D. Dutartre, D.P. Vu,
K. Barla, H. Halimaoui, R. Herino
CNET, Meylan, France
A. Monroy, S. Thouret and Y. Gris
Thomson, France

11.45 B222 Porous anodised silicon for full dielectric isolation: the development .391
of an n/n+ /n device route
D. Brumhead, J.G. Castledine and J.M. Keen
RSRE, Great Malvern, UK
J.M. Cole, L.G. Earwaker, J.P.G. Far, P.E. Grzeszczyk, J. L'Ecuyer, M.H.
Loretto and I.M. Sturland
Birmingham Univ., Birmingham, UK

12.00 12.2.3 STACMOS: a basic 3-dimensional CMOS process 395
R. Buchner, K. Haberger, P. Seegebrecht and P. Panish
Fraunhofer-Inst., MOnchen, FRG

12.15 32.2.4 Volume inversion in SO1 MOSFET's with double gate control: a new 399
transistor operation with greatly enhanced performance
F. Balestra, S. Cristoloveanu, M. Benachir, J. Brini and T. Elewa.
ENSERG, Grenoble, France

I 12.30 B22. A new type of high performance device for VLSI digital system 403
Xu Xiao-Li, Tong Qin-Yi and Xong He-Ming
Microelectronics Center, Nanjing Inst. of Technology, Nanjing, China

SESSION C2.2: MOS MODELLING I
Tuesday, September 15, 1987

SALA BIANCA - CHAIRMAN: G. BACCARANI

11.45 C2.2.4 Comparison of long-and short-channel MOSFET's carried out by 3D- 409
minimos
M. Thurner and S. Selberherr
Technische Universitit, Wien, Austria

12.00 C2.2.2 Three-dimensional simulation of a narrow-width MOSFET 413
P. Ciampolini, A. Gnudi, R. Guerrieri, M. Rudan and G. Baccarani
Bologna Univ., Bologna, Italy

12.15 C2.13 2-Dand3-DcapacitanceeffectsinMOS VLSI 417
J.H.M. Quint, F.M. Klaassen and R. Petterson
Philips Research Labs., Eindhoven, NL
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SESSION P2.1: POSTERS
11.45 Tuesday, September 15, 1987

a. Si processi and prove modeffft

P21.1 Implantation and diffusion modelling of boron in silcon 423
An Do Keersieter, L. Dupas and K. De Meyer
IMEC, Leuven, Belgium

P2.1.2 Shallow junctions of boron implanted in Ge preamorphized < 100> 429
Si wafers
A. La Fera, V. Raineri and E. Rimini
Deptm. of Physics, Catania Univ., Italy
S. Cannavb and G. Ferla
SGS Microelettronica, Catania, Italy

P2.1.3 The effect of high pressure steam oxidation on phosohorous diffusion 433
in silicon
Wu Bai-Lu,. Xue Shi- Ying
Academia Sinica, China
Zhang Ai-Zhen
Beijing Inst. of Semic. Devices, China
Li Shy-Lin
Nat. Inst. of Metrology, China

P2.1.4 Shallow junction formation using COSi 2 as a diffusion source 437
V. Probst and H. Schaber
Siemens, Mtlnchen, FRG
P. Lippens, L. Van den Hove, K. Maex and R. De Keersmaecker
IMEC, Leuven, Belgium

P2.1.5 2-D effects during isolation process - Experiments and Simulation 441
A. Seidl
Inst. fur Festk6rpertechnologie, Mfinchen, FRG
V. Huber
Siemens, MUnchen, FRG

P2.1.6 Verificttion of Ion implantation models by Monte Carlo simulations 445
G. Hobler and S. Selberherr
Wien Technical Univ., Wien, Austria

P2I.7 A simplified model for the characterization of antimony ion implants- 449
tion and diffumion in silicon
R.I. Fonseca
Escola Politecnica de USP, Sao Paulo, Brasil

XX
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P24.8 Glass reflow modelitg for process optimization 453
A. Tissier, A. Poncet and J.F. Teissier
CNET, Grenoble, France

P2.1.9 Monte-Carlo ion implanation and COMPOSITE 457
A. Barthel, J. Lorenz and H. Ryssel

i Fraunhofer-Arbeitsgruppe ffir Integrierte Schaltungen, Erlangen, FRG
~H. RysselUniversitit Erlangen- Narnberg, FRG

P2.1.10 Equilibrium solubility of arsenic and antimony in silicon 461
*R. Angelucci, A. Armigliato, E. Landi, D. Nobili and S. Solmi

CNR-LAMEL, Bologna, Italy

P2.1 11 Diffusion and solubility of gold implanted in silicon 465
S. Coffa, L. Calcagno and S.U. Campisano
Dip. Fisica, Catania Univ., Catania, Italy
G. Calleri and G. Ferla
SGS Microelettronica, Catania, Italy

P21.12 Open stencil masks for ion projection lithography 469
L.M. Buchmann, L. Csepregi and K.P. Mfiller
Fraunhofer-Inst. fur Mikrostrukturtechnik, Berlin, FRG

b. MOS processing

P2.13 A new isolation process for VLSI devices 473
E. Figueras, J. L. Coppee and F. Van de Wiele
Univ. Catholique, Louvain- La- Neuve, Belgium

P2.1.14 Oxidation induced local channel dopant accumulation 477
C. Mazur6 and M. Orlowski
Siemens, Mfnchen, FRG

P2.1.15 Redistribution of flourine from BF2
+ implants in MOS structures 481

H.J. Whitlow, C. Zaring and C.S. Petersson
The Royal Inst. of Technology, Stockholm, Sweden
J. Keinonen
Helsinki Univ. Accelerator Laboratory, Helsinki, Finland

P2.1.16 Dopant redistribution from Ion implanted WSi 2 on poly-Si 483
S. Nygren, D. Levy, G. Goltz and J. Torres
CNET/CNS, Meylan, France

t

SALA EUROPA - CHAIRMAN: IL KNIENKAMP

14.00 F.7 folar heteroluneton tnmsttors: out of modek into rewly(lrinted) 487
A.J. Holden
plemey Research, Caswel, UK

XKI



SESSION A2.3: ULTRAFAST BIPOLAR I
Tuesday, September 15, 1987

SALA EUROPA - CHAIRMAN: L. TREITIGER

14.45 A2.31 Characterization and optimization of bipolar technologies by means 499
of h*h speed circuit design
W. Wilhelm
Siemens, Mfinchen, FRG

15.00 A23.2 Physical modelling problems of ultrafast silicon bipolar transistors 503
H.C. de Graaf and G.A.M. Hurkx
Philips Research Labs., Eindhoven, NL

15.15 A2.3.3 An advanced bipolar process using trench isolation and polysllcon 507
emitter for high speed VLSI
M. Roche, G. Borel, J1. Imbert, D. Thomas, L. Fritsch and D. Celi
Thompson, St.-Egrdve, France
P. Hunt
Plessey, Caswell, UK
A. Hefner
Telefunken, Heilbronn, FRG

SESSION B2.3: SOI WORKSHOP I
Tusday, September 15, 1987

SALA ITALIA -CHAIRMAN: D. MC CAUGHAN

14.00 12.3.1 SOI structures by ion implantation and annealing in a temperature 513
gradient (invited)
G.K. Celler
ATT Bell Labs, Murray Hill, NJ., USA

14.30 B2.3.2 Oxygen implantation for SO1 device technologies 521
K. Yallup
Analog Devices, Leuven, Belgium
An De Veirman
Antwerp Univ., Antwerp, Belgium
L. Dupas and K. Do Meyer
IMEC, Leuven, Belgium

14.45 52.3.3 Small geometry SOI/OMOS devices on SIMOX substrates 525
J.R. Davis
British Telecom, Ipswich, UK
K. Reeson and P.L.F. Hemment
Univ. of Surrey, Guildford, UK

15.00 2.3.4 Carrier generation and trapping properties in SIMOX structures 529
T. Elewa, L Haddara and S. Crlstoloveanu
ENSERG, Grenoble, France

-t
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15.15 112.3.S Smaff geometry NMOS transistors; in xilicon-on apphire uaing 533
rapid annealed source/dnins and umproved crystalin quality silicon filing
M. Field, N.E.B. Cowern and D.J. Godfrey
GEC, Hiust Res. Centre, Wembley, UK

15.30 32.3.6 Silicon I.C. technology using complementary MESFET'a 537
P.A. Tove, K.E. Boblin, H. Norde, U. Magnusson, J. Tirdn, A. S~derbft,
M. Rosling, F. Masnzi and J. Nylander
Inst. of Technology, Uppsala Univ., Uppsala, Sweden

SESSION C2.3: MOS MODELLING U
Tuesday, September 15, 1987

SALA BIANCA - CH4AIRMAN: S. SELBERHERR

14.45 C2.3.1 The voltage-doping transformation: anew approach to the modelling 543
of MOSFET short-channel elfects
T. Skotnicki, G. Merckel and T. Pedron
CNET-CNS, Meylan, France

15.00 C.3-2 A novel realistic model for threshold voltage of short channel MOS- 547
FET's
M. Orlowski and Chi. Werner

Siemens, Mllnchen, FRG(15.15 C.3.3 Sensitivity analysis for device design 551
A. Gnudi, P. Ciampolini, R. Guerrieri, M. Rudan and G. Baccarini
Bologna Univ., Bologna, Italy

SESSION 3)2.2: GETTERING II
Tuesday, Spetember 15, 1987

SALA AZZURRA - CHAIRMAN: W. ORR-ARIENZO

14.45 D2.2.1 Gettering of metal precipitates 557
G. Bronner
IBM T.J. Watson Res. Center, Yorktown Heights,, NY,j USA
J. Phunmer
Stanford Univ., Stanford, CA, USA



15.00 D2.2.2 Deep states in. rapid annaled silicon 561
M. Di Marco and A.R. Peaker
Manchester Univ., Manchester, UK
C. HIl
Plessey. Caswell, UK
M. Hart
Southampton Univ., Southampton, UK
A.E. Glaccum
British Telecom, Ipswick, UK

15.15 D2.1.3 Gettering and deep states in p-type Czocwalalc silicon 565
N. JA and A.R. Peaker
Manchester Univ., Manchester, UK
G. Keefe-Fraundorf

Monsanto Electronic Materials, St. Louis, Missouri, USA

SESSION A2.4: CMOS TECHNOLOGY
Tuesday, September 1S, 1987

SALA EUROPA - CHAIRMN L. 9ALWl

16.00 A2.4.1 CMOS technology with self-aligned contacts and self-aligned 571
silicideJ..Mrt .WisadH uii
Swiss Center for Electronics and Microtechnology, Neuchitel, Switzerland
M. Dutoit
Swiss Federal Inst. of Technology, Lausanne, Switzerland

16.15 A2.4.2 lsun MOS devices with self-aligned titanium silicide and CVD 577
tungsten as frst metallization level
C Arena, S. Deleonibus, G. Guegan, P. Laporte, F. Martin and i.L. Pelloie
LETI/IRDI, Grenoble, France

16.30 A2.4.3 A comparison of retrograde and conventional n-wells for sub-micron 581
CMOS circuits
A.G. Lewis, R. A. Martin, J.Y. Chen, T.Y. Huang and M.Koyanagi
Xerox, Palo Alto, CA, USA

16.45 A2.4.4 Impact of S/D p. 1morphizatlon on CMOS performance 585
C.Mazurd, J.Winner] and F. Neppl

17.00 A2.4.S The influence of trench isolation on sub-micron transistors 589
M.C. Roberts, D.J. Foster, P.H. Bolbot and P.L. Medhurst
Plessey, Caswell, UK

17.15 A2.4.6 Electrical evaluation of SWAMI structures 593
T. Cavioni and F. Gualandris
SGB Microelettronica, Milan, Italy

17.30 A24.7 UPMOB - A new approach to submicron VLSI
W.T. Lynch, P.D. Foo, R. Liu, J. Lebowitz, K.J. Orlowaky and 5.3. Hillenius
ATT Bell Labs., Murray HIl, N.J., USA
(extended abstract not available at the time of printing
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SESSION B2.4: GaAs AIESFE RELIABILITY
Tusday, Seember 15, 1987

SALA rrALIA - HAMAIMAN: F. FANTlMM

16.00 B2.41 Temperature stability of AuGeNI onmic coatacts to GaAs 601
A. Callegari, M. Murakami, J. Baker, Yih-Cheng Shih and D. LAcey
IBM, T.J. Watson Res. Center, Yorktown Heights, NY, IUSA

16.15 B2.4.2 Thermal stability of non-alloyed ohmic contact to n-GaAs 605
S.S. Lau and B. Zhang
Univ. of California, San Diego, La Jola, CA, USA
A. Migiori
Bologna Univ., Dptm. of Physics, Bologna, Italy
A. Paccagnella
Trento Univ., Trento, Italy
M. Vanzi
Telettra, Bologna, Italy

16.30 B2.4.3 GaAs-Device life-time improvements by new results on metal 609
electrode fabrication
R.P. Gupa
Central Electronics Res. Inst. Pilani, Rajasthan, India
H.L. Hartnagel, K.H. Kretschmer, R. Schtltz and J. WiIrfl
Technische Hochschule, Darmstadt, FRG

16.45 B2AA Effects of high current and temperature in power MESFET metal- 613
lizatlioa
C. Cnali
Padua Univ., Italy
F. Chiussi and L. Umena
Telettra, Milan, Italy
M. Vanzi,
Telettra, Bologna, Italy
E. Zanoni
Bar Univ., Bar, Italy

17.00 32.4.5 Failure mechanisms study of a standard GaAs IC technologly 617
G. Kervarrec, J.M. Dumas, J.Y. Boulaire
CNET, Lannion, France
J.F. Bresme
CNET, Bagneux, France

17.15 B2.4.6 Reabilty of low-noise microwave HEMT by MOCVD 621
K. Tanaka, J. Kobayashi, H. Takakuwa and Y. Kato
Sony Corp., Kanagawa, Japan

SALA IiANCA - CHAIRMA: A. DROUS

16.00 1.8 Ion 3.m. Lthepehy (bwlted) 625
G. Stengl, H. Lbschner and E. Hammel
IMS - Ion Microfabrication Systems, Wien, Austria
E.D. Wolf
National Nanofabrication Facility, Cornell Univ., Ithaca, N.Y., USA

_ _ _ _ xxv 1



SESSION C2.4: POWER DEVICES II
Tuesday, September IS, 1987

SALA DIANCA - CIAIRMAN: E. RIMINI

16.30 C2.4.1 Experiments and modeling for U.H.F. power verticalDMOS transistors 637
G. Tardivo, A. Senes and G. Cazaubon
Thomson Semiconductors, Tours, France
P. Rossel, M. Belabadia and R. Maimouni
LAAS-CNRS, Toulouse, France

16.45 C2.4.2 Verigrid-FCTh Switching 1OA at 1000V 641
H. Gruening and J. Voboril
BBC Brown Boveri, Baden, Switzerland

17.00 C2.4.3 Electron energy effects in B -Irradiated power semiconductor devices 645
P.G. Fuochi and A. Martelli
CNR-FRAE, Bologna, Italy
E. Gombia
CNR-MASPEC, Parma, Italy
C. Malfatto, B. Passerini and M. Zambelli
Ansaldo, Genoa, Italy

£17.15 C2.4.4 Helium implantation for lifetime control in silicon power devices 649
W. Wondrak and A. Boos
AEG, Frankfurt, FRG

1730 C2.4.5 Isolation techniques in power integrated circuits with vertical current 653
flow
R. Zambrano, G. Ferla, S. Musumeci and M. Paparo
SGS Microelettronica, Catania, Italy

SESSION P2.2: POSTERS

16.30 Tuesday, September 15, 1987

a. MOS devices, measurements and special devices

P2.2J The small-signal behaviour of polycrystalline-silicon MOSFET's 659
A. Gnudi, P. Ciampolini, R. Guerrieri, M. Rudan and G. Baccarani
Bologna Univ., Bologna, Italy

P2.2.2 Improved determination of surface mobility at MOSFETs with thin 663
gate oxide
W. Soppa and H.G. Wagemann
Technical Univ., Berlin, FRG

F2.2.3 Mobility model for silicon inversion layers 667
A.J. Walker and P.H. Woerlee
Philips Research Labs., Eindhoven. NL

1
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P2.2.4 Lmkage currents in low tempeature processed polycrystale-Si 671
S.D. Brotherton, N.D. Young and A. Gill
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IP. 1. - INVITED PAPER

BI (C)D

D( I OR NIGWD96W

P.A.B. M!

Philips Pesearch Laboratories
P.O. BOX 80.000
5600 JA Eindhoven, The Netherlands

The paper presents a summary of advantages of mixed bipolar-IO)S
processes for analog and digital VLSI and some design considerations.

DaRODCT ION

In recent years a strong interest ini BI(CIW25 has grown. BI(C}JI6 is a temlg authors use the name for different kinds of

BInig h arwn B(C)NOS is a sinechoy processes and devices or application areas.
comining bipolar and (C)NDS on a single chip. SD o BIDFU aper to be used in the
Because it now is possible to exploit the early days in thepceatextoofemised proce

strenghts of these disciplines in a single early days in the cotext of mixed processes
integrated circuit, it is in a way a dream such as used for circuits like operational

amplifiers. Later on it was used in the
ome true for electronics designers. In the
Showever, the that is econtext of special power processes and smart
past, devic. In penaty, aa aare
complex process, has restricted such tednolo- power devices. In this psper we shall
gies to rather specialized applications. In use it in the context of general purpose

modern technologies both bipolar and NOS have processes for VLSI with some side observations

grown to become very similar and both have on power. An important aspect here is to

become rather complex. Therefore, now that it exploit the performance advantages of bipolar

proves possible to use a large number of steps and 0(0S and at the same time use the higher

in c n such a process can be ecoomically yield capability of N to reach VLSI levels

viable and need no longer be a technologists more easily.

nightmare. In fact, estimates are in the order DEVICE ASPECT
of a 201 increase of wafer price which will be

Table I lists sow important properties ofoffset by a considerable enancemnt of per-
offet'y aconideabl enancmen ofWr- bipolar and ow40 transistors in circuits

foexance, increase in yield and occasionally a
35-45% reduction in circuit clexity (1) and From table I it can be deduced that generally

a decrease of chip area by more than a factor for devices bipolar is in an advantageous
of 2, of (2). position for analog applications because of

the better gain and low wideband noise. (s

In this p~er we shall present a sumary of~vu~agssof imedproesse, asurw ofobviously is nore attractive for digital
advat:r of mie prosses, a survey of the

control and data processing functions because
geniea statues amoir tecfoloies cand of its low quiescent power, good speed and
device structures. o e , before one can mllnrally good packing density. The mixture

stl deoiv thiby one has to define what will of bipolar and NOS offers unique advantages,

will he o ld by te sane DI(C)Ih oe many we in both the analoa and the diaital



Table 1

Strengths of Bipolar and CMOS.

Bipolar (C)14OS

large transconductance high impedance

* linear hFE zero ~dc gate current
exponential characteristic near quadratic

low voltage offset zero dc dissipation

low supply voltage low narrow band noise

low 1/f noise high slew rate

low wide-band noise no second breakdown

fast self isolating

low logic swing no avalanche breakdown

good capacitor drive reduction

capability

no hot electron limit

fields. It features for instance, 10-
high-impedance zero de gate current high gain

operational opaps switch capacitor filters 9-
and gyrators. The latter using NOS for large

timre constants. Furthermore, precision pairs 8-MO
in mixed AD and DA systems in the field of

analog appliations are possible. in digital 47-
applications amed sense-amplifiers (3) and BICMOS
buffers (4,S) can significantly increase the 6
capability of C140 with regard to speed and

compactness. Speed improvements up to a factor w) 5-
Of beo with respect to their 006 ounterparts

are reported, cf. (4), fig. 1. 4
In the context of electronic advantages itW

should be noted that some problems can also 3
occur. Because bipolar transistors can inject

Into the substrate one has to take measures to 2
Preveot latdr-up. Furthermore O(S logic

generates cosderable transient noise which I

must be prevented from entering into an load' capacitance

adjacent sensitive analog part. Both problems 0 10 20 30 -A
* ~can effectively be fsuppressed by ProperCL(F

Returning briefly to table I then one pig. 1. Comparison delay time of BI013S

obsevestha in he bsece f stredchagesbuffers and CXES buffers as a function

obSKe. hatin he ~ene o streddiagesof load capacitance CL.

i4 2



F7

NOS offers a better slew rate. This is section of CHOS. The customary source and

advantageous in operational amplifiers, drain diffusions seen are typically in the

Moreover, as there is no avalanche-induoed order of a few tenths of a micron deep, those

breakdown reduction in 1406 this makes the of the N-well in the order of two or three

device attractive for high-voltage microns. If one wants to incorporate an NPN

application. Such a fast and high voltage bipolar transistor one first has to provide an

amplifier is described in ref (6). additional P-diffusion for the base cf. fig.

Particularly if one uses DN1S this leads to 2a. This transistor, however, exhibits a high

mixed processes suitable for high voltage collector series resistance. Furthermore,

(200V and above) and for power cf (7). because of the overall structure being

surrounded by lowly doped regions it will be
TRE P OCES

rather prone to latch-up . Sud a "ipe

There are several ways to arrive at a

transistor is difficult to design with. A muchabined process, a very ouivn one being to
better result is obtained with structuresstart from a 09)6 process. One could of course
shown in fig. 2b. Here with respect to that ofalso start from a purely bipolar process or

even from scratch. Here we shall follow te fig. 2a an N+ buried layer touching the N-well

and an epitaxial P-layer is used. This addsfirst line of thought we start from N-well
tvo masking steps on top of the (8 process

010S. The left of fig. 2a depicts a cross
having typically around 10-12 masking steps

for a modern (single metal) process. In

principle in this process the NPN transistor,
being surrounded by P material, is isolated.

B E C Latch-up via the bottom of the NM is largely
a) I I prevented by the N+ buried layer, which is

a) _JI also underneath the EOS. Undesirable lateral

n well nwel I action is still possible however, particularly

p substrate as the P epilayer will be rather high-ohmic.

This can, at the cost of extra steps, of

b) course be prevented by a normal deep P

p- epi diffusion, deep oxide isolation or trenches. A

very simple solution, however, is shown in

- fig. 2c. It is possible by self alignment,

i.e. no extra masking, to have a P+ buried

a layer adjacent to the N + layer and to use the

0) 1~-~ P+ diffusion of the C140S process on top to
0 LAM A supress; possible channels. This way a compact
Opi p and largely latch-up free structure is

obtained. In fig. 3 a profile of the NPN

transistor (8) and in fig. 4 a cross section

pis shown of an isolation structure as is used

by Philips in a 2 lum lithography BIC)S("

process (2). In table II the effect of a

Fig. 2. BI(X)6 development from N-well COx. buried layer obtained by Siemens (9) but in a

1.4 Wu process regarding collector series

resistance and a substrate paras',-ic

3
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Table II

Effect of the buried layer (9)

8 "Ho* layer 'Uith" layer
fig. 2a fig. 2b

'l 17 -

z Fmx60 80
CM (n 200 30

0 5 Upnp 25 1
15-

0 aE Ritter size 430 Wm.
0 1 2 3

' ~depth NO)---

" Fig. 3. Impurity profile of tN, 1. 5 pm

roces. Note : pwl ds slope i the (latch-up) prp are presented for different
collector. Typically achieved by also structures. Latch-up is studied by many
us in the N+ iecf (11).layer,.uhr c 1)

The BI(C)QIS technology is being developed

at many places and significant headway has
been made. An overview is given in table III.

This overview does not claim to be complete it

is only intended to present a trend, namely
n-WeN d% n-well that most manufacturers use structures similar

%to fig. 2b or fig. 2c, sometimes with more

refinements, rather than the simplest but more

ptP difficult to design fig. 2a option. Many use
N-ell COS, but several use P-well or start
from bipolar rather than from CHOS. Standard

n* p* n# VLSIw BI(C)MOS needs 14-16 masks, options may

increase this to 20.

Pig. 4. Isolation structure, hatched areas are
depletion layers at 18V. Without the
p bried layer the lateral distance
should be 9.5 p instead of 4.5 pe.
Sisilarly caission of the pt
chimalstop diffusion requires the
distance to be at least 6.5 M. Bpi
width%^ 4 n.
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Table III

8 ICMOS

Company Digital "1 Litho FT Remarks

Type (lam) N °  NPN

Reference Analog Masks (GHz)

DEC 5 + - 2 1.5 12

Honeywell 5 + + 1 3, 1.25 14 BICMOS II, Il1
Hughes 5 + + 3 1.5 20 5 pnp 2.5 GHz
Motorola 5 + + 3 1.75 15 Dyn PLA's

National 5,10 + + 2 2,3 1.9 W fuses

Texas Instr. 18 - + 3 12 BIDFET, DMOS 280V

RCA 15 + + 1 3 0.7 QMOS, Power 60V

Philips 7 - + 3 6 12 DMOS 200V

Philips 2 - + 3 2 14 3.5

12 + + 3 1.5 16 5

j Siemens 12 + - 2 1.4 14 2.6
Telefunken 5 + + 3 2 14 1 pnp

+ + 3 1 16 2 pnp

Thomson 16 + + 3 4 13 0.4 120V HV NOS

SGS-ATES 5,4 + 3 13 1 DMOS HV 60V

Hitachi 5 + + 3 3 3 ABC, pnp + 12L
5,4 + + 3 2 4 Hi-BICMOS

5,13 + + 3 1.3 9 poly Si emitter
0.4 nS/gate

a 5 - + 3 5 0.4 20V

NEC 5 + 3 1.6 6 poly Si emitter

RICOH 5 + + 1 10 40V PMOS + 60V NPN
metal gate.

Toshiba 3,14 + 1,2 1.2,1 MoSi gate, option
N+ buried layer

*) Typo 1. No epi.
2. Bpi + buried layer.
3. more sophisticated.
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We shall now return to device properties :=(%w M* % .

and their influence on circuit performance. If 5.0-

one follabn the approach as sketchd above . . nV

then one strsfrom astandard N-veil CMS '> <

process. This offers many advantages, as

usually there is vot only the process itself 3 . .

available, but also the associated culture of so wkth (un) . .

ams CAD and electronic design. However, such

an approach harbours a constraint in terms o Fig. 6. Measured dpdence of bipolar device

available diffusions and last but not least in parameters as a function of epi width.

dope and depth of the N-well. A typical

profile of a NFN is show in fig. 3. Apart

from the diffusions, the properties of the l

bipolar transistor are determined by the width We shall now try to broaden the picture to
include further developments. A very

and dope of the epilayer. In very high
performaance bipolar th~e spilayer is chosen a oonspicuous element is of course lithographic

shrink whipr in the future will continte doe

thin as possible, say I jm or even less. This

Is thinner than the usual N-well by a factor to 0.5 Mm and even less. Such a shrink has

of two. If one brings the N
+ layer which forms several onsequences in a mixed process.

the bottom of the m-well to close to the Starting again from a given NOS process shrink

source and drain areas tnen this degrades the means a reduction of supply- voltage, although

transistor by increasing capacitance and the this can be somewhat postponed by the use of

body effects, fig. 5. To avoid this a graded drains or use of IDD structures.

sufficiently wide epilayer is needed. This has Another strong effect is the increase of dope

io t consequences for the bipolar part; in the substrate or in the pocket to prevent

maximum fT will be lower than in a punch-through.

high-speed "bipolar only" process. At the same A reduction of supply voltage will affect

time however, a better Early effect and better the systems in which the circuit is to be used

lateral pop's are possible. These are in much the same way as is the case for plain

essential features for analog. In fig. 6 such CHOS. With regard to a possible analog part

a trade off as obtained by Rausch et al (2) is this means a reduction of dynamic range which

illustrated, occasionally might be unacceptable. Assuming
for the present that the supply voltage is

0.9 * acceptable one still has to discus the

consequences of the dope level increase. o

0.0 05 the NPN transistor as well a for NOS6 the

capacitances per area will increase as the

o .depletion regions are depressed. At the sae

it* time it becomes possible to decrease the
. 4 0  epilayer width with no additional sacrifice in

so wk _ - body factor. A higher value of fT is thereby
achieved. This trend can be seen in table IV.

rig. 5. Body effect of pS anW rMM measured Such an HPN transistor is not always

as a functiLon of apiwidth. suitable for high-quality analog as the

Fi6
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Table IV In this paper we have discussed the

combination of bipolar and MS. This

Effect of lithographic scaling and N-well cination has great advantages for digital

and also allow development of high-quality

Liho 2 W 1. 5 pm 1.5 M analog. The development are economically

viable and therefore sore of a pleasant dreamlowly dq

me true than a nightmare.

It should finally be remarked that some of

epi width 2the results quoted are obtained in aep idh 5 2 2

(v 1/2) 0.75 0.5 Philips-Siemns ESPRIT project.

Kp (Vl/2) 0.5 0.65 -

RcCcsub (pS) N 49 164
FGc (PS) 73 37 141T (GHZ) 3 6 4 1. I. Fukushima, K. Kuwahara, K. Hoya, N.

Horie, K. Itoigawa, S. Ichimura, K.
HFE.VEA (V) 10000 2400 9000 Nagata. A BIMCS FET Processor for VCR

audio, IEEE, ISCC 1983, p. 242, 243.
2. F. Rausdx, H. Lindeman, W.J.M.J. Joequin,

product of hpEVA tends to be too low. The D. de Lang and P.J.W. Jochem. An Analog

remedy is to use tw different N-wells. The BimOe technology. Extended abstracts of
the 18th Conference on Solid State Devices

NPN transistor sits in a more lightly doped and Materials Tokyo 1986, pp. 65-68.
N-well. In the third column of table IV the

3. J. Miy=Dto, S. Saitoh, H. Norace, H.
relevant quantities are shown. In addition to Shilata, K. Kanzaki, T. lizuka, A 28 nS
a considerable improvement (with respect of O S SRAN with bipolar sense amplifiers;. IEEE, ISS= 84, p. 224-225 and 344.
the second column), in Early effect, also the

RSCCB product is improved at the cost of 4. T. Hotta, I. Masuda, H. Kaejima, A. Hotta,
i e t ssCS/Bipolar circuits for 60 Mz digital

fT" This makes the transistor much more processing, IEEE, ISSOC 1986, p. 190-191.
suitable for analog.

5. B.C. Cole, Mixed-process chips are about
For digital the picture is different to hit the big time. Electronics, Mardh 3,

hpEVEA does not play a very significant 1986, p. 27-31.

role and the single N-,well ooncept is 6. P.G. Blanken and P. van der Zee

therefore suitable for digital. Even sore so IEE Trans CE-31, 1985, p. 109

because of the higher dope levels the fT 7. A.W. Ludikhuize, A versatile 250/300V

value of the transistor tends to increase. process for analog and
switching applications. IWE Trans ED,

This will help to move the cronover point n ~ Vol. 33, 1986, p. 2008-2015.

fig. 1 to the left and the speed of thecircit illcon clser o te itrisic8. D. de Lang and W.J.M.J. Josquin,
circuit will come cloer to the intrinsic Optimization of a 1.5 pm BICHOS process.
speed of the "nearly" unloaded Mos. BICHOS Symposion, Electrohem Soc.
It should be remarked that apartf Philadelphia, 197.

lithographic shrink there will be several 9. J. Winnerl and E.P. Jacobs, Essderc 1985
and private ommunication BlOS ESPRITOther Iiprovement. One of these is quite project.

likely the use of poly silicon in the bipolar

Part of. Table III. Another could be the

introduction of now isolation schemes and

suicides.
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High speed BIC140S VLSI technology with
buried twin well structure. lass, =EM

2 1985 Washington DC, p. 423-426.

14. J. Miyoo S. Sautob, H. V"We, H.
Shibata, K. Kanzaki and S. Kahyaaa.
A 1.0 ma N-well 0(38/Bipolar technology
for VLSI circuits, IEE, IE2M 1983
Wahngton, p. 63-66.

15. G.M. Dlay, O.H. Schiade, B. Goldsmith and
L.A. Goodman,
Enhanced OW3 for anaog-digital power ic
applications E, Trans-ED, Vol 33, 1986,
p. 1985-1991.

16. G. Thomas, G. Trouseet and F. Vialettes,
High voltage technology offers new
solutions for interface integrated
circuits. IEE Trara-M, Vol 33, 1986, p.
2016-2024.

17. A. Andreini, C. Contiero and P. Gabiati, A
New integrated silicon gate tedhnology
ombining bipolar linear, 0(38 logic and

D1638 power parts. I= Trans ED, Vol 33,
1966, p. 2025-2030.

18. BIDFII, marriage of three technologies.
Electronics July 7, 1983, p. 107.



1P.2. - NvrED PAPER

MIg DDVU IN SOLID-STATR DRTCTORS

imlio OATTI, Antonio LONGII and Marco SAMIETRO

Politecnico di Milano, Dipartimento di Elettronica and
Centro di Ilettronica Quantistica e Strumentazione glettrnica 0N6
Piazza Leonardo d Vinci 32, Milano 20133, Italy

The interest in seniconductor radiation detectors for energy and position
measurements is rapidly increasing in the fields of high energy physics,
astronomy, space applications and medicine. After a brief review of the
field, the recent developements are here presented.

1. INTRODUCTION Further, for a minium ionizing particle, due

Among the detectors which have been used in to the short range of electrons and photons in

the field of nuclear and elementary particles silicon,electrons and holes are generated with-

physics, semiconductors detectors, germanium or in a colum of diameter less than 1 micrometer
silicon, played an important role starting from along the trajectory with a linear density of

1951,wben Kenneth McKay of the Bell Telephone 85 couples/micrometer.

laboratories showed the first alpha particles Ge detectors are particularly suitable for X

pulsestl]. These pulses were due to electrons and y spectroscopy because of the higher atomicand boles generated in the depletion region of number (Z-32) with respect to Si (Z=I4) which

a reverse biased germanium p-n junction, sope- leads to an efficiency for the photoelectric

rated by the depleting field and collected at effect higher by a factor of (32/14)4-27.3 .

the junction contacts. However,the higher leakage current of Ge detec-

This principle has been used in every semicon- tars with respect to silicon,due to the lower

ductor detector since then. In fact, except for energy gap, requires operation at liquid nitro-

saw recent developements described later in gen temperature.

this paper, semiconductor detectors are easen- Silicn,whuen possible, is used because of

tially silicon or germanium p-n or p-i-n dio- the higly developped planar technology which

des, reverse biased, generally fully depleted, has no parallel for germanium. Semiconductor
iof different shapes and dimnsion. detector technology makes generally use of low

The fortune of semiconductor detectors In doped materials (loll-1013 cm-3) in order to
their Intrinsic energy resolution due to the get large depletion layers (lOmn-Scn) with low
amount of charge released by impinging parti- voltages,leading to fields below the breakdown

cles. For comparison, an ionizing particle in a threshold. Further requirement is to obtain in

plastic scintillator must spend 300 eV per pho- the final device,after all technological steps,

toelectron emitted at the cathode of an elec- a long lifetime for minority carriers (several

tren meltiplier; a #as detector needs So eV me) which ensures low leakage current at the

spebt to gnerate an electron-iea pair,while in collsctor,and a low concentration of deep trap-

semomacm tora en electream-bole pair is genera- ping centers which could trap a fraction of the

ted with only 2.26 oV in germanium at 77 K and carriers travelling to the collector and rele&-

3.6 V in Silice at roem temperature. so them with a sensible delay.
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NOW develepemts in semiconductor detectors of a covninlp-n detector in generally

have been recently stimulated by the following greater than tea of pF (for instance the cape-

two requirement from the high energy physics citance of 1 cm2 silicon detector 300 pn thick
comity: completely depleted Is of the order of SOpF) it

(a) the need of an higher signal to noise ra- is evident from (1) and (2) that is useful an

tic, in order to improve energy and timing reso- effort in the direction of the reduction of the

lution, with large area detectors and in condi- detector capacitance (without sacrifying active

tions of high rates of events to be detected volume of the detector) in order to get a small

(b) the need to get from a detector on a single KNC and a small resolving time (which is useful

wafer high precision measurements of the peai- when high rates of events have to be processed).

tion of incidence of the ionizing particles. The basic idea, in order to acheive such a

The energy resolution Is usually expressed result, is to conceive a detector having a col-

in 'equivalent noise charge* (INC), that is the lecting electrode whose dimensions are indepen-

charge whichdelivered as a delta pulse by the dent and much smaller than the active area of

detector, cause at the output of the amplifying the detector. In this case the output capaci-

circuits connected to the detector(preamplifier tance of the detector is much smaller than that

plus filtering amplifier) a pulse equal to the of a conventional p-n detector of equivalent

3M noise. active area, in which the dimensions of the

The detector parameters which determine ENC are collecting electrode are practically coincident

the leakage current at the anode Il,as source with the'active area.

of the parallel noise current, and the anode It is possible to get such result by conceiving

capacitance Cd. The parameter of the electronic a device in which the notion of the charges to-

circuit which determine INC are the series ward the collecting electrode is practically

noise of the input FET of the preamplifier, its unaffected by its geometry and voltage. The

input capacitance Ci and its badwidth ft. carriers are brougth to this electrode by elec-

It can be shown that, for every detector and trical fields (static or dynamic), parallel to

preamplifier configuration, it is possible to the surface of the detector and independently

find a linear filter which minimize the INC superimposed to the depleting field. Further-

(optimum resolution WNCopt)[2,3]. The optimum more,the knowledge of the motion of carriers

resolution can be expressed as: toward the collecting electrode, can give an

(1) NWNopt + information about the position of interaction

(IlCd/ft) 1/4. ((Cd/ci) l/ 2 +(Ci/Cd) 1/2)1/2 of the ionizing particle.

Proceeding in this wayit is possible to design

The -NCopt is obtained with an optimum filter- detectors whose output capacitance is compare-

ing which produces a pulse,at the output of the ble or even lesser than that of a good input

preamplifier-filtering amplifier chain, having FET of the preamplifier (detector have been

a time length Topt : built with output capacitance less than I00fF).

(2) Topt + In this conditions the limiting factor to a

(C-d/(ftl))1/ 2 . ((Cd/Cl) 1/2+(CI/Cd) 1/2) further improvement of resolution and resolving

time are the stray capacitances of the connec-

From (I) and (2) It is clear that both ENCOpt tions between detector and preamplifier. It be-

and Trt ae minimized When imput capacitance comes therefore imperative the integration of

is matched to detector capcitance, i.e. CdwCi. the preamplifier itself directely on the detec-

A the input capacitamee of a 1 is of the tor.
order of les than a pP, while the capacitance Two different kind of devices are based on
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these principles. One is the Semicomductor Si

Drift Chamber (SC), a cempletely new device in

which the electrons are drifted to the anode by

static fields. The other is the harge Coupled ,006

Device (CC), already in use for detection in

the visible region, reeontely applied in high

energy phisics as position sensitive detector. O_

2. SILICON AND GEANXNI TELESCOS

Figure 1 shovs a typical silicon detector imm .

implemented as a simple p-n junction with in- Jan i

planted p+ and n+ contacts on an n-type bulk.

Electrons and holes, generated by the incident

particle, drifting in the depletion field indu- € S

ca at the electrodes a current pulse. The char-go preamplifier integrates the current and gi- "

yes at the output a voltage proportional to the 01

total charge collected. Collection times are 4O SO

typically of the order of 10 na. Strip or detector number

Figure 2 shows an elaborate experiment done FIGUE 2

at CERN with several detectors of this kind, a) A set of p-n junction silicon detectors pre-

mounted one behind the other, forming a so cal- ceded by a Ge bulk detector where a D+-D- event
occurs, and b) corresponding pulse height pat-

led 'telescope', preceded by a particular ger- tern at the detector's outputs.

asnium detector[S]. Each silicon detector of

the 'telescope' detects the charges generated con telescope, is an active target. The device

by the particles traversing it. The histogram can be thought of as a sequence of equal detec-

of these charges ( Figure 2b) allows to deter- tors with no physical separation in between.

mine the molteplicity of the interactions and The bean incident is parallel to the strip pla-

where they occurred. It is interesting to re- ne. Therefore the transversal dimension nust be

mark the double function of the silicon as a large enough to cover the beau section. The de-

nuclear target and as a detector, so that these tector thickness is .5 ca, its width .5 ca and

detectors are called *active targetsm. its length 2 ca. The device can be called a

The germanium bulk detector, like the sili- projection chamber'.
In the sketch of Figure 3, an high energy pho-

-Vcc ton enters the bulk detector, a photoproduction

p4  SiO2

/IFIGURE I
Schematic representation of atypical p-n June- FIGom 3
tion silicon detector. Ge bulk detector.
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occurs with nu.leon. recoil and creation of ml- The thickness of the walfer ranges usually from

niamn ionizing particles.Tbe ionisation density 200 to 300;m (the detector is intended for a

produced in the detector is sensed, as a func- particle incidemce which Is ainost orthogonal

tics of the position along the axis, by the p+ to the surface of the wafer), the active area

strips. The germnim bulk, detector , working is of the order of 10-20 cm2 and the pitch of

at W bse the awatege over the silicon the strips can be as low as 10-20pa.19,lO).

telescope of a higher spatial resolution along It is worthwhile to look in some details to

the boe. 50-10*, vs 20a. the induced current pulses at the strips.

Such a gain results from (a)a factor-two-higher Let us consider a particular strip and a single

specific energy loss in Ge than in Si, (b) the electron-hole pair generated at point A near to

absence of air gaps between detection cells, (c) the anode in front of the strip itself. In this

a better ENC resulting from the lower capaci- particular case,the electron is immediately re-

tance of the pick-up electrodes as strips in- moved by the anode and doesn't induce any cur-

steed of planes as in conventional detectors. rent on the considered strip. The hole travels

rhe device of Figure 3 is obtained from high in the depleted bulk until falls on the strip.

purity n-type geruanium. As the classical The current induced at a given instant during

silicon planar technology can not be used with its travel can be obtained knowing the velocity

geruanium, the definition of the pattern of the uu#E(t) of the hole and a so called weighting

pt strips is obtained by selectively etching a field EW [11,121 EW is the electrostatic field

continous boron iplant using a Ti-Au film as calculated giving potential 1 at the considered

masking material. The n
+ back contact is formed strip, 0 at all the remaining electrodes and

by lithium evaporation and diffusion(6,71. considering the Si undoped.-

Field lines of EW are shown in Figure 5 togeth-

3. SILICON NICROSTRIP DETECTOR er with the trajectory of the hole in the real

The first semiconductor device developed in field [13].

order to get high spatial resolution is the si- The current is given by

licon microstrip detector. Figure 4 shows a ti-

pycal layout of a detector built by Kemmer, who 0 1 0

pioneered the planar technology in high resis- ' -I Sn Sn 1

tivity Milicon[S].
The sicrostrip detector is essentially an array

of a large number of reverse biased p-n diodes

integrated on the sae high resistivity wafer.

' 0

m e' IM si'

I-t p A J

0 t

b \

FIG= 5
FIGIRK 4 a) Schematic cross-section of a sicrotrip with

Cross-section of a sicroetrip detector with ca- the weighting field 3w highligtened. b) Indu-
pecitative charge division. (From Mucl.Instr. ced current Ilos at the Sn th strip for an
and Neth. A235(195)p.210) electron-bole pai: generated at point A or B.
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r - il-

S(3) I u-qun.

It is apparent that u in almys opposite to Ei

for all the trajectory.

The current shape is shown in the figure and

the total charge induced in

(4) fIdt u-+J.lW dt m-q fiWdl

i-q(VW(Pin)-VW(Sn))

i.e.

(5) (Idt u-q(0-i) - q FIGURE 6
Picture of a silicon microstrip detector, glued
n a ceramic motherboard, with kapton foils

Let's now consider an hole starting at point connecting the signal strips to the hybrid

B. During its travel slong the drawn trajecto-" preamplifiers.(Froi Nucl.Inetr. and Neth. 226

ry, it wseeso first a weighting field with co- 
(1984) p.64)

ponent along the trajectory opposite to its ye- fiers. Figure 6 shows a recent microstrip

locity and then of the sam sign as the veloci- system with its fan-out and hybrid preamplifi-

ty until it is collected by a side strip. The er4[14].

current shape given by (3) is also sketched in For minimum ionizing particles generating

the figure and equation (4) gives 25000 electron-hole pairs within the detector,a

resolution of 3#a RS has been achieved, with a

(6) fIdt u-q(0-0) = 0 detector having 20pu pitch and one amplifier

per strip. With the method of charge division

What has been shown for a hole starting at A the spatial resolution has worsened from 4.5pu,

or B can be easily generalized to an hole-elec- connecting one preamplifier every 3 strips, to

ran pair generated at any point. 20w for a preamplifier every 12 strips.

Generally speakingchargea moving in the deple- Integrated electronics (not on the same wafer

ted bulk induce current pulses in several of the microstrip detector) has already been

strips,but only the strips collecting the char- designed and produced in NNOS tecnology. Single

ges give a signal with area different from ze- amplifiers are provided per each strip having

ro, equal to the collected charge. Crosstalk pitch of 25#m. A spatial resolution better than

between strips can therefore be avoided by 5pa INS have been demonstrated [15,16].

suitable treatemeat of the signal.

The large number of strips and their small

pitch would lead, in large area detectors, to 4. CHARGE COUPLED DEVICES

formidable problems of fan-out, cost anid power Charge coupled devices(CCD) have been inven-

dissipatla if a single amplifier should be ted in 1970 at Bell Labs [17]. Commrcially pro-

conected to every strip. duced twc dimensional CCDs,used for TV cameras,

Clover methods of readout have been developed night vision systems, visible and Xray astrono-

to reduce conectioas. Oe is show as an ez- qy,have been considered as high precision de-

ample In Figure 4.A charge amplifier is coomc- tectors for ionising particles since 1981 by

ted every three strips mad, exploiting the Dommrell[l.

latoratrip capeitaaces, a weighted charge di- The CCD can be considered a fine matrix of

vision of the charge collected by the strips potential wells just below the surface of the

oeam betwee the Interested charge preampli- silicon, typically 20um x 20um z 10 pm depth.

13



* I!7

gac M9 can store the charge delivered by an athTAXIAL * ususrAX . ___

lipiuu pt~icle and the image of bitted COLLECTIO
i -1 } L UUILLECTtONpoints is stow as charge in these pixels. The ALEONS

CM is puri d by a surface structure of cban-

mel stop d field electrode arrays which al-

low electrm from each pilxl to be transfer- W'ACW SO

sored from pixel to pixel and deposited in turn
on m t o a sinle output oll c t in nod s to wh ch a ,M I. '

single oa-the-chip preamplifier is connected. "TE R

The general layout of the device is shown in

Figure 7 [19]. Buses 11,12 and 13 drive the OUU R

horizontal field electrodes which transport the s O

electrons stored in the pixel lines to a bottom

linear CCD which receives in turn the electrons

stored in each line. This latter CCD, driven by

buses 1l,12 and R3, leads the electrons of each AMPL, ,EP

line sequentially to the output node. 
OUTPU

As far as the interaction of the impinging FIGURE 7
General view of a CCD detector showing the or-

particle with the detector is concerned, Figure thogonal arrangement of gates and channel stops
7 shows 3 regions of interaction. One, just defining the pixels. (From Nucl.Inastr. and

underneath the surface, in which the generated Meth. 213(1983) p.203)

electrons are completly trapped into the pixel In a recent experiment a clever way of par-
potential well. A second, drawn as a dotted 

se-

gment, in which electrons, generated in a field tly overcome the long readout time has been de-
vised [20,211. The CCD has been kept continous-

free region of high lifetime for minority car-

riers, diffuse freely and part of them eventua- ly running, with only a part of it exposed to

ly fall in a potential well (not necessarily the beau, the rest (the so called parking area)

the nearest one). A third, corresponding to the being shielded from the main radiation.

Therefore the particle pattern registered at
p+ substrate, where all electrons recombine.

The effective thickness of the CCD for particle one end of the CCD move continously towards the

detection turns out to be approximately ISun. opposite end. Once a trigger signal indicate

This device has the obvious advantage of a the presence of an interesting event, the clock

single output channel, payed by a relatively which provide the continous shifting, is stopped

after a time which allows the recorded image to
exit the region exposed to the beau and be

Another advantage of the device is that, once a
freezd in the parking area, while the bean is

charge is stored in a pixel, it can no more

spread out by diffusion so that spatial resolu- turned off. The interesting Image can he read

tin it is not impaired by delayed readout. at the most convenient rate at the output node

not exposed to radiation of any kind.Ou to the small depth of a pixel, a small
Theme CCDs are powerful devices for recos-

charge is deposited by a minimm ionizing par-

ticles (~l220 electrons). However, working at tructilng vertices in elementary particles expe-

200 K and exploiting the advantages of low out- rients. One example of reconstraction of charm
i decays in the UA32 experiment frnning an the

put capacitance and capacitance matching with

the es-cblp prampliflor, the very low I=C of CM SF5 is given in Figure 8 [20].
Two CCDe, placed at a distance of 10.. each

50 electrmu baa been reached, leaoding to a suf-
ficlsnt resulting signal-to-noise ratio, other and lOne from a copper target, enable the

14
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accurate recostruction of a charm event by the 10

identification of two vertices whith an high C 2

precision of the Impact paraeter (Sp). The -
i S

two vertices are formed by tracks 3,4,,7,8 and E06

tracks 1.2,5 respectively. From the extimated /

distance of the two vertices the lifetime of " 7

the short living particle can be inferred.

It is interesting to note that CCD is a 02r

pixel device which attributes unambigously X,Y

coordinates to each hit. On the contrary, a set J I I J
0.2 0.6 06 08 10

of microatrip detectors with strips of diffe- X(mm)

rent orientation define X,Y coordinates of the

hits with the coordinates of bitted strips.When

detectors are hit by a single event, coordinate for multiple events strips coordinates are not

attribution is unambigous also in this case,but umbiously attributed to hits(ghost events).

5. SILICON DRIFT CHAMBER
A 5 In 1983 E.Gatti and P.Rehak introduced the

'Solid State Drift Chamber',a completely deple-

3ted device with a low capacitance collecting

6 anode [221. The device has been then developed

within an international collaboration involving

7 Politecnico di Milano.Drookhaven National Lab.,

Technischen Univarsitat - Munchen, Max Planck

Institut fur Physik und Astrophysik - Munchen

and Lawrence Berkeley Lab[22-271.

The working principle of the device is best

2 understood looking at the test structure of Fi-

gure 9. The figure shows how a thin n-silicon

wafer can be fully depleted by a peripheral n+

anode and two p+ electrodes placed on each sur-

face of the wafer and held at the same poten-

6tial by an external connection. As the reverse

bias increases, the undepleted conductive layer
/ 

Imm

in the middle of the wafer first narrows, then

disappears and disconnects(from the ohmic point

of view) the n+ electrode with a dramatic drop

COPPER CCo1 CCO2 of its capacitance with respect to the p+ cn-
TARGET tacts, as shown in Figure 10[26].

FIa=u 8 A schematic view of the drift chamber is

Reconastruction of a charm decay in the NA32 shown in Figure 11. Two arrays of p+ electro-
experiment at N SPS. a) and b) correspond des on both surfaces of the wafer, biased at
to two different side views of the sae event.
c) is the projection along the beam direction. increasing potential energy, provide the drift
Primary end decay vertices show up unmbigous-
ly. (ires Nucl.IAntr. and Moth. A25S(I1) field. A drawing of the potential energy in the

p.479) drifting region is given in Figure 12 ( for a

15
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5.6mm

q
6.1mm "* 'p-

DEPLETION
2- p* p , p' Pi

AT DEPLETION
FIGURE 11

Schematic view of the drift chamber, showing
the working principle.

ABOVE DEPLETION

FIGURE 9
Silicon device to test the mechanism of couple-9
te depletion.

ANOCE-DIODE CAPACITANCE (Built in;0.2 V) X.

300

-1000

W 2M

--0 ~ FIGURE 12
Potential energy for the electrons (negat ive

51 electric potential) in the drifting region of
0.1 1 10 20 the SDC.

VOLTAGE (V) W

FIGURE 10 "

Capacitance between the two p+ electrodes con- 3 S

nected together and the small n+ contact of
Figure 9 as a function of the bias voltage.-

voltage difference between strips of ISV and -l1

c on). The electrons gener ated by the ionizing 
WUV

particl ar fcstye atmplthel bottmlofte br- 0

0

ied potential channel and drift towards the

collecting anode, while holes,driven by the do- c
pietion field, are quickly collected by the0

200 A0 10.0 20.0 ~c 4.nearest p+ electrodes. Figure 13 ohoms how, by 0

suitably biasing the electrodes at either side. Y (microns)

It Is possible to shift the bottom of the pa- FIGURE 13
tential chanel toward the surface where the Potential energy for the electrons within the
collecting smode AN is placed. SDC close .to the readout anode AR.
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The cloud of electrons induces at the anode The dinamics of electrons in drift chambers

an output pulse only when the electrons arrive has been studied carefully with a two-dimen-

close to it because of the electrostatic shield sional chamber[26]. Figure 15 shows the expec-

of the p+ electrodes, which behave as a Faraday ted electron distribution,for different time of

cage. The drift time of electrons may be used flights,due to diffusion, Coulomb repulsion and

to measure one of the interaction coordinates the combined effects, for two different number

while the collected charge all6ws the measure- of electrons in the cloud. Expected 35S width

ment of the energy released by the incident of the cloud has been experimentally checked by
ionizing particle. measuring how the charge is shared among the

Figure 14 shows how the pulses appear at the anodes. The results are reported in Figure 16.

anode for different drift distances of the From the theory and the measurements it is ap-

electro cloud in a structure like the one of parent the importance of the Coulomb repulsion

Figure 11 [25]. when the electron cloud is larger than 25000

Resolution is limited by the leakage current electrons, which is just the charge released by

of the detector, series noise of the amplifier, a minimum ionizing particle traversing a deple-

Poisson noise due to the spread of the electron ted region of 300 pm.

pulse because of diffusion [24]. The obtained Diffusion does not pose strong limitations to

resolution at room temperature for a wide range two-dimensional SDCs as far as resolution is

of drift fields is of the order of 4 pm RS. concerned and may even be beneficial along the

The drift chamber can be used, as the CCD, anode's coordinate because allows centroid eva-

as a two-dimensional imaging device simply di- luation based on charge shared among contigous

viding the strip anode in pads. A lxl.5cn2 mul- anodes. On the other hand, it is detrimental as

tianode SDC has been experimented[27 and a new far as recognition of close double-hits is con-

large area (Lx4 cm2) is under developement. cerned. Typical resolution for double hit is

estimated in 300 pm. However, estimation of the

presence of a double hit can be assessed with a

great degree of confidence from the measurement

of the released charge.

Similarly to CCD, the coordinates of the

hits are determined without ambiguity for a

two-dimensional SDC because each electron cloud

has one coordinate attributed according to the

interested anode and the other according to the

4 timing of its pulse.

As far *a speed of readout is concerned, SDC

is intermediate between completely parallel

readout of microstrip detectors and completely

serial i'eadout of CCDe. Typical readout time

for SDC is 1-2 ps per centimeter of drift dis-

tance.

Generally, in high energy physics experi-

ments, start time of the Interesting event is

i p a Uavailable from an indipendent trigger pulse and

Signal pulses at the anode of a linear SIC for so timing of pulses at the anode Is sufficient
different drift distances of 1,2.5,3.85 mm res- for drift time measurement. However in Xray or
pectively. Time scale is 200 no/div.

17
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FIGU=K is
Density distribution of electrons along the drift direction at different
times. Distributions as due to diffusion only., mutual repulsion only and
the combined effects are plotted for two different numbers of electrons in

the cloud.

y spectroscopy, an Independent time Information served that a surface hole current is exchanged

is not available from other detectors. A prompt between two neighbour p+ strips of the depleted

signal from the interaction can he obtained in detector when a potential difference is applied

the SDC from all the field electrodes .jf one between them. It is neglegible until a given

side of the wafer, paralleled by capacitors and threshold voltage in reached, then it rises

connected to a charge amplifier(27]. As the very sharply. This effect can be explained by

interaction is localized, a prompt pulse is considering the potential energy close to the

induced both by the electrons falling into the surface of the detector under the oxide between

bottom of the valley and by the holes traveling contiguous electrodesas& shown in Figure 12 and

toward the field electrodes. Figure 17 shows

such pulse which has opposite sign depending In wi Tp. ,.6 Pe

which half of the detector the Xray has been

absorbed. The charge amplifier connected to the

aode Is insensitive to the interaction because | ,. ....

the movement of charges Is shielded by the

field electrodes until electrons leave the

drift region and approach the anode. At this

moment a delayed pulse is detected at. the anode

and oe of oppoeItasign at theparalleled ats4s u 7 a a4ssesot4ss'ee e

field electroMes m mm

Surface effects muat be carefully considered FIGOmg 16
Neasured normalized charge at the anodes for

in designing SDC.In particular it has been ob- different N and a drift time of 7.5 a.

X18

Li_____mm mmml
m m-mmmm



increases the electric field on the edge of the

p+ strip at higher potential energy (breakdown

problem) and increases the slope perturbation

at the bottom of the drift channel. Practical

values so far reached are of the order of
lO00V/cn.

It is important to note that this flow of holes

does not affect the anode leakage current, as

shown clearly in Figure 18.

iThe exchange of holes between p+ strips can

be useful to self bias arrays of field elec-!'110131 17

Output waveform of a self-timing circuit. Cen- trodes in SDC. In fact, given an array of p+
tral trace: anode output. Upper (lower) trace: strips over a depleted wafer, if a current is

* photon incident on the top (bottom) side of the
detector (time scale 200 nas/div). applied between the first and the last strip, a

hole current flows from the first contact to

the last one passing through all the interue-
* 13. A potential barrier close to the surface diate floating electrodes and the resulting

limits the flow of holes from the electrode at vot e d i e ec rodene al e e ide
voltage difference is nearly equally devided

~lower potential energy toward the contiguouslbetween all contiguous strips. This effect has

one at higher energy. As the voltage difference

between the two strips grows, this potential he curren Chain c t anx
f hole current 'Chain current'.

barrier decreases and consequently the flow of

holes increases rapidly.The hole barrier almost id"

disappears at the mentioned thereshold voltage - "

between strips and, in this condition, the hole

current would diverge if not limited by the /

external circuit.

A maxims potential difference can be there- ICHAIN

fore applied between neighbour strips. This

maximum potential difference is a function of /

the distance between the two strips and depends /

on the properties of the oxide between them. In -
z -

fact, positive oxide charges induce, as it is 10- N CvuiNmcMAL DETUCTOR

well known, a sheet of mobile electrons at the

semiconductor-oxide interface , which in turn

influence the heigth of the barrier for the 161

holes flow. Enviroment and biasing conditions

affect this electron sheet, and in turn the I
stability of the threshold voltage for the hole

flow ( in Figures 12 and 13 this effect is not DVrCrOR

taken into account ).

As a consequence of these phenomena, there

is a practical limit to the drift field in the s o IW0 16 0 'S

ORIFT FiELD (V/stm)
SVC. In fact, while the increase of the gap

between strips increases the potential barrier 1M1R3 18
Anode and chain current for a linear SDC and a

to the flow of holes, on the other hand it also cylindrical SDC vs drift field.

191*1
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ANODE
GUARD
ANODES

FIGURE 20

FIGURE 19 24lAa aectrum obtained with a cylindrical
drift detor at room temperature (linear sca-
I). The highest peak is the L at 17.8 KeV,
while the right one is the line at 59.54 KeV.

A drift detector intended mainly for energy

measurements is shown in Figure 19[27]. The p+ vement would therefore be possible by integra-

field electrodes are concentric rings oan both ting the input transistor on the detector.

faces of the wafer whith a small n+ collecting Measurement performed at liquid nitrogen tempe-

electrode at the center of the detector on the rature showed 36 electrons of equivalent noise

upper face only.The drift field has a cylindri- charge.

cal symetry and the electrons drift radially Low output capacitance drift detectors with

toward the collecting electrode. The active field electrodes implanted only on one side of

area of the detector has a diameter of Ica and the wafer have been recently produced by Kenmer

the output capacitance Is only 0.06pF due to (29].

the very small dimensions of the collecting

electrode (200pro of diameter) surrounded by a

completely depleted silicn.The leakage current
at room temperature was about nA.

The p+ circular electrodes are "self biased" 1 K.McKay, Phys.Rev. 84 (1951) 829.

by the chain effect. A voltage difference is 2 E.Gatti e P.F.Manfredi, Rly. Nuovo

applied etween the first and the more external Cimento 9, N.1 (1986)

ring.The injection of electrons from the exter- 3 V.Radeka, Nuel. Instr. and Moth. 226
nal undepleted n region toward the central ano- (1984) 209
de Is avoided by biasing the undepletd region 4 V.Radeks, Nucl. Instr. and Math. A253

at a potential energy lower than that of the (1987) 309

last external p+ ring which defines the active 5 S.Amendolla et al., Nucl. Instr. and

volue of the detector. Moth. 226 (1984) 78

Figure 20 shows the spectrum of the 2 4 1Am 6 S.Amndolia et al., IEE Trans. oan Nucl.
measured at room temperature with a shaping Sci. 31 (1964) 945

pseudos-lmeasan si a peaking time of 250[ns271 7 S.Amendolia et al., IEEE Trans. on Nuc.

Equivalent noise charge was only 110 electrons. Sci. 30 (196) 96

Met* that the detector capacitance was only 11 8 J.Kemr, udcl. Instr. and Math. 169

of the total Imnpt eapeeltame. Further impro- (1960) 449

Ji. 20
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J. Winerl . weppl, a. Volinr, i. Stegborr, 9. Pflffel

Siemens AG, Central Research and Development,
Nicroelectrojcs, Otto-Vah-ting 6,

V-8000 lache, FM

Bipolar transistors can be implenented in a CMOS technology without
excessive expenSo using the n-channel source/drain implantation simul-
taneously for the fornation of the bipolar emitter. During Not scaling
the change of the drain structures from phosphorus to DID and LDD
influences the individual bipolar device parameters. lowever this BICMOS
concept can be extended to sub-on CIOS without loosing performance.

1. IIIEODUCTIOU rus drains, DID, LDD were used which are

CMO performance can be improved consider- typical for 2pm, 1.5pa and lpm CMOS, respecti-

ably by utilizing the higher transconductance, vely.

the threshold stability and the higher speed The base was selectively implanted in the

end current drive capability of bipolar tran- bipolar transistor. This step requires the only

sisters in analog and digital circuits. These absolutely necessary additional photomask to

optional bipolar transistors should be imple- realize isolated bipolar transistors in CMOS.

mented in a CiOS technology with little extra The base implantation was adjusted for the

expense and without affecting the MOS device different emitter complexes.

characteristics. The possibility to use the a-

channel I/D implantatioa for the emitter forma-
tion is especially investigated. Scaling CNOS . 0

implies changes of the n-channel drains from C I U di.
phosphorus to DID (double implanted drain) and

LDD (lightly doped drain) to alleviate hot +-"

carrier effects. To clearify the usefulness of 8+

this concept for scaled BtCUOS the impact of deep miai. beas

different drain structures on the bipolar per-

formance is studied. -

2. IsCUB COUCWT

The IICO technology presented here is

bosed on a a-ell CNO technology (Fig.l). nou 1

This allows Ito realise isolated ape bipolar Cross section of an n-well CMOs structure with

transistors with the n-ells used as collec- an isolated npn bipolar transistor.

tots. The emitters are simltIeOsly implanted

with the n-*anl sree/drais so that no rt applications that need a high current

additional photolitbogra0y or other process drive capability like buffer circuits a buried

sto ap e nes say for eItter foration. As layer and a deep collector contact were added

m-oham/el see rais Configurations ph ipho- requiring two entra eaks.
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3. DIPU MYICU 313GCITh and LOD arsenic emitters can be obtaine"

Burin cow, Spain L the sk@-bsupex drain without additional photolithography (1rig. 2b and
structure is improved with respect to hot a). For LOD as an option the low dose of
canier aml short channel edgects. while phos- phosphoruas can be implanted unmasked. In this
phomu d&ains were typical tor 2pm CYAOS DID case the optimizations of the a- and p-channel
( double implanted drain) ad LDD (lightly doped SCI~s are coupled and the bipolar transistor
drain) are used for 1.Spm and 1pm CMOS and has an arsenic emitter with phosphorus tail
beyond. This inplied changes in bipolar emitter (rig.2c).
structure, too. for phosphorus drains phos-
phorus emitters with junction depths of about 4. BIPOLAR DEVICE CIRACTERISTICS
MoeS are obtained (i.2a). For the DID and Tor phosphorus a relatively deep emitter

withabot 05psemiter unciondepth is

_____obtained._ forDIDand____________a drains with

mased ow osephosphorus implantation the
MOS BPOLARarsenic emitters are as shallow an 200 nfl. The

@ -oFoleffe *Gft MPA1.8 taflerbase implantation dose and energy had to be
readjusted for comparable base pinch resisti-
vity. It was necessary to account for the

.-!-J~reduced emitter :junction depth and the lacking
f emitter push effect inherent in phosphorus

* emitters. The base dose had to be reduced by a
almna emllerfactor of 4 for the arsenic emitter. As seen

S20m : I active bass resistivity

4

'40P At*

.1*.~~~ sonZ ~aitte,

btitter structures e6tained sinaitameously with
R-Chilimbl sourc/drain *Ylatatioms in scaled

0 510 K2/0 1
hase piffeb resistivity -

BS strut""e arsnic "a phosphorus are
Implaawe in the n-ebaaa.t "eflow while the p-
eeMul regime ase usually se". with this

*OR he bsobers Itlatateftam 'lsi be Resistivity of the inactive base depending On
W. te phuhm Inpenttiencanthe base pinch resistivity for sand As emit-

avoided in the o"toer reglom.. fthus f DID tern.
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from pig. 3 this results In to increased S. CIlCUT PfIOMhIUC
resistivity ad the inactive base in a similar To study the ilu emce of the changed device

amount. This inactive base resistivity strongly structures om the DICON perf ormance, typical

determines the base series resistance which in analog and digital circuits are investigated.
turn affects the dynamic behaviour of the Is Fig., 5 a differential amplifier with 50D

transistor with An emitter. Since for As emit-
torn there is less compensation of base charge,
however. there is less sensitivity to process unity gain frequency

fluctuations.noS
Mts

c crent gainleO

100
400 A

300If14O a

P emitter
200

As emitter
a measured

soZ-0 
simulated differential amplifier

00 100 200 30 400010

0- base resistance -
0 5 10 PA/. Is

baeichMl resitivity-

FOV11 5

Measured and simulated unity gain frequency of
F1W 4 a differential amplifier depending on cutoff

Dipolar current gala as a function of the base frequency and base resistance.

pinch resistivity f or P and As eitters.

load is characterized by its unity gain fre-

fig. 4 shows that for a given base Pinch queasy. A. comparison of the measured data shows

resistivity transistors with As eitter* have a lover unity gain for As emitters than for P
lower currest gains, which is due to the worse ones in spite of their higher cutoff frequency.

emitter efficiency of the shallower As eitter. Using circuit simulations the influence of the

The roamo for this is the vicinity of the base resistance and the cutoff frequency were
emitter ocitact to the emitter base junction, separated. The speed improvement by the higher

which lurae$ the effective hole recombination cutoff frequency for As is shown to be even

is the emitter and thus the hole dif fusion overcompensated by the increased base resi-

curest inte the emitter. stance. in fig. 6 the influence of the current
Tne cutogg frequency is typically 2.3 Ot gain is shown. When a threshold current gain of

jet As emitters copred with 1.6 1 M f or P about 50 is exceeded a further increlase does no

emitters. longer improve the speed performance.
A
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in Fig. 7 meacued an smulated gate delays tot del"y thmt

en noeed .efr an BM inverter ring oscilla-
tinras a tnical digital applcation. Similar1

" fe t". diff.remtial amlifier the improve- s
ment bg otd teiremor Is compesated by the P
incraedbase resistance. The As sample __ A
euibits a 10% higher gate delay compared with P A

P. Lokn ta more complex circuit the
mazimum operating frequency of a static ZCL

frequency divider shows omly a marginal
ECL inverter

difference between 710 Ua for P and 780 Nffz 200 a Measured ring esciffecor
-shiuted

for as. In this case the speed limiting
influence of the bane resistance seems to be
not so pronounced than for the SCL inverter. 0 200 400 so we0 a 1000

Vnt gain frequencybaefltmS -

noo bass resiance FIGURE 7

1000 Measured and simulated gate delay time of an
DCL inverter ring oscillator depending on

3000 cutoff frequency and base resistance.

4GOO(

2w 0 6. CONCLUSIONS

It was shown that the emitter type influ-

ences the individual bipolar device parameters.

0 s10so ; The performance of bipolar transistors in

current #@i BICUOS is not represented by a single parameter
like the cutoff frequency alone. The combina-
tion of all essential parameters has to be

FIGUR 6 considered.
Dependence of the unity gain frequency of a for the applications considered the consept
differential amplifier on the bipolar current of using the NOS source/drains simultaneously
,gain.

as bipolar emitters can be extended to sub-pm

For the As sample base dose and energy are CMOs.

not yet optimized. & fine toning of the base
implastaticsm is expected to further increase ACINOWLE')GIEKI

the cutoff frequenc and to reduce the bass This work has been partly supported by the

resistance so that the small lees in speed for Zuropean Community. The authors alone are rea-

As, is elimin41ated. possible for the contents.
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1.2tin BI-CMOS Technology with High Performance ECL
It IWM., Y. NU, 0. SASAKI, K, NOISIJMA. LK SHINO*, Y. UNNO**,

IL TSUGARU*, R{ HARA , Y.SGMOTO 5 , K. AZK

SewioadutorDevice MID& Lalb, Toshiba Corp., 1, Komukal-Toshibat-cho, Suiwai-ku. Kawasaki, 210,
Japan. Semlcovdsactor Group. Toshiba Corp, ** Toshiba Mcro-computer Engieeing Corp.

1.2lm 31-CMO teoleology with ECM sa for high speed device has been developed. A poces is

carefually optimized for obtaining the best performance of ECL gate without degrading l.21im Bi-

1. INTODUCTON is used for high integration. LDD sMucture is used for NMO-

Today, Bi-CMOS technology is being introduced in various Fff to ensure high reliability. fot PMOSFfT, conventional

kinds of high speed VLShs In thes device, as well as Bi- structure is used, and minimumn poiy Si gae lengt is 1.4pmn to

CMOS gates, usually TrL or ECL gaon are used in the 1/0 keep the effective channel length to the same value with that of

circuits to ensure doe compatibility a&W the drivability of 110 NMOSFff.

interface. But, until very recexdyfli, there have been very few There are several ways to combine CMOS and bipolar pro-

reports that DCL goas used far intertal lopec in the Bi- cess. In our case, 2nd ploy Si emitter structure is chosen , and
CUM VLSI,. a few bipolar process steps boxed in Flg.2 ame added to the

Although, DCL is currently dhe fastest LSI comercially CMOS process, which results in 5 mask step increase. But in

availabli its hugs power coanption limits the number of dhe case of static RAM which airedy have 2nd poly Si pro-

game inegrated in a chip Therefore, for the highest speed cms, only 3 mask step increas is required. Thes remainder

VLSU and ULS11s, Bi-CMOS with internal logic DCL is dhe portion of bipolar process steps is performed in the course of

most realistic candidate, though level conversion dcut delay the oigia CMOS prfocess. For example, coflectoL W region

between CMOSI~i-CMOS and BCL gSes should be treated is formed by N well diffusion, and base contact e' region is

carefly. In this type of devices it is possible that the three formed by source and drain ion-implantation of PMOSFET.

types of gaes can be used appropriately according to the pur- Buried N" and deep N regions are necessary to reduce col-

powe, ie.; CMOS gate for email lload, high integration and low lector resistance and thus to obtain high fT of bipolar transistor.
power; Bi-CMOS gate for medium load and medium integra- Buried e~ region is optional dependent on nsolation rule, and is
don; DCL games for high speed or/and lImg load and small in- not used in thi case P typ eptaxial layer is grown after
teprtOi. burled W formation. Isolation of bipolar transstor is per-

In diem devices it is digitali, that proces is optimized formed by tho P well.

for al of doe Ome Mpe of gae Severa proem possibilities In this process, 2nd poly Si emitter structure is chosen to
we - -11ds, 1 a ineor 1.2pa RU3-CMOS. proess is reduce the eMiauer ais and jucton depth, which resul; in the

firsty optimized for CMOS and li-CM1OS gate and then for high performanc of bipolar transistor. in order to reduce the
DCL gases. The roisuts show that relatively high perorimce junction depth, bas eand emitter shouldl be formed completely

BCM game is obtained eveno when BCL gates, proem is optim- aft CMOSFET fabricatio. 2nd poly Si emitter structure is

ied within 1.2jtm liCMOS technology. in this paper, suitable for this ind of process sequence as shown in Fig.2.
1.4= Y31-CMOS aohaciogy with relatively high performance 1st poly emitter structure is not applied here in which case

BCL is explainid base is doped before poly Si gate deposition and base width

becomes as larg as 0.31am.

2. PROCM F113 shows a typical impurity profile of bipolar transisto.

fli hows diemcosscinoni~. 1CO m To optimie the base resistance and hq. sepatrately, base ion-

Fj2 dorn die Mllas of the pres sequence. T"bl I sb implanation is performted twice. Shallow and higher cocen-

AWS POO ,.-... tratlon peak is made by BI implantation to form relatively
Sub roesa i 1.wn 0406tedoleg Whre tin ell high concentz-atioin P typ base layer and to reduce the base
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reistance0. Du. 111 a 4 Wr peak iS AN&e byt B imlantaton In 0W dei*". Anfra 1.2sm Bi-CMOS gate is concernedi,
11bm intrinsic bus P-~ nglon and 10 CONtrol hb. The *hallow fT of 5-7 oiz is enog and base resistance is nota so iial.
-o has to be withia do. cofter egiou with enough margin so Situation is dlfnw for DCL Same Both highest fT and
tint is dos w afbh, For thi remmul~ depth b lowest rb Is necesavy to obtain the best perfomc [4].
made a little deeper ( Wround 0.1SAt ) within the succeedin Thes u esmistance can be optimized for BCL, but further ize-
shot 900C boos process by doping poly Si with a smiall prvee In fT is not eay by the conventional bipolar struc-
annt of PhRAsphet In addition W0 amuu- lure of the 1.2pm B1-CMOS process. For further improve-

To Achieve low emitter resitanc, emite Poly Si is dePO- ment, such as walled emitter or emitter-bare self alignment
siued without ntv oxide layer at the Interface 121. One of di structure is desirable, which is currently no cost-efective andrmerit of poly Si emitter is to gain higher hr. due to the x- not techologically easy in order to combine with matured and
issence of native oxide at tho poly and single Si interface. But Maspoutv I-1m CMOS Process. But in near futture
a emitter size neduces, resistance due to native oxide becomfes timse advanced bipolar structure would be necessary for high

sigulk=Lca Ji was said that, when native oxide thickness is less performance Bi-CMOS with ECL circuits.

oie SUMMARYnative~~~~ ~ ~ ~ ~ oxd lka sntes nlvraino av xd .2jun Bi-CMOS technology with relatively high pefor-

we avoided native oxide during poly Si deposition. For higher nmume BCL circuits has been developed. 2nd poly St emitter

beat proces such a IOOOC, nave oxide layer breaks up, but structure is used to reduce emitter Ain. Poly Si is deposited
in 9006C process it is difficult to break up once native oxide without interface native oxide. Junction depth of bipolar

layer exists. tranistor is reduced by forming the base and emitter regions
completely after CMOSFrs fabication. Process is optimized

DEVICE CHARACTERISTICS for DCL within the 1.2pm Bi-CMOS process, specwilically for
ft4A shows doe Id- V4 cit acmdtit of bipolar, NMOS the base resistance. tp of 0. 17 neec is obtained for ECL gates

and PMOS traosistor. Table 2 shonws main device parameters. imrv enofCLgtpromacsea-
CMOS characteristics is the same as th-s fawa by oni vanced bipolar stutr would hereued iMO neto-
iii 1.2#m un eCMIOS process. For bipolar tramissor, f~w of ogy with internal ECL gat will be the moat realistic candidate

6 GHz is obtained. Variation of bb6 in the wafer is very small. frthe highest speed VLSI and ULSIs.

Flg.5 show a typical output waveformn of 31 stage ECL
gain ring oscillator. Fig.6 shows DCL goo propagation delay ACKNOWLEDGEAM
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MULTIPOWER BCD 250V A VERSATILE TECHNOLOGY TO REALIZE HIGH PIRFOIMANCE PIC*

A.Andreini C.Contiero P.Galbiati

SOS Nicroelettronica SpA, Monolithic Microsystem Division

20019 Castelletto di Settimo Milanese, Milan, Italy

The feasibility of a 250V process, named Nultipower BCD, integrating Bipolar, CMOS

and H.V. P-channel signal devices with DMO power stages is demonstrated. The adopted

integration scheme allows wide flexibility in the electrical output configuration.

The process and device key features are presented.

1. INTRODUCTION a technology termed Multipower BCD has

In Smart Power IC technology, to implement been developed in the 60V I13 , lOOV and

high voltage and power output functions, 250V ranges. The 250V rating, investigated in

DMOS devices are preferred to Bipolar devices this paper, is suitable to develop off

because of their simplified drive circuitry line motor controls and switched mode power

requirem'nt, very fast switching speed, supplies, solid state relays and intelligent

better reverse safe operating area (SOAR) switches, lamp ballasts and fluorescent

and compatibility with CMOS logic, display drivers. A test pattern has been

The integration of the DMOS transistor designed to evaluate the process feasibility

has been approached in various ways, depending and the device performances. The design

on the final application and the required has been supported by the 2-D device simulator

voltage and current capability. HFIELDS.

Within a junction isolation technique,

the lateral approach (RESURF type) is more 2. PROCESS KEY FEATURES

suitable to achieve very high voltage capabi- The architecture of the Multipower BCD

lity but, in some cases, the source voltage process (fig.l) is based on the merging

swing is limited. The vertical design, of the DMOS silicon gate process with the

with the drain contact on the back of the junction isolation technique. In the 250V

chip, is more suitable for high current version the junction isolation technique

requirement but it is limited to common is improved by the top-bottom approach

drain integrated devices. A vertical structure to reduce the high temperature drive-in

with the drain contact brought to the top times required by the needed thick epitaxial

via N+ buried layer and sinker diffusions layer minimizing the buried layer outdiffusion

allows the integration of more than one and the isolation and sinker well sizes.

high voltage medium current DUOS device, A large group of basic devices such

with no limit in the electrical output as Bipolar, CMOS, DMOS, H.V. P-channel

configuration. Following the last approach MOS transistors and zener diodes can be
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SS CTABLE 1

SIGNAL DEVICES

I4BIPOLARS hie LVceoBVcboBVebo
P- tooo sbstV ) (V) (V)

R 011 OS MH P._- L .V.P S NPNI 200 75 180 18POtNEl DNW0 CW5O NPN P14p HU.P-OiNDS
P-well base

NPN2 35 120 130 8
P-body base

LPNP 60 80 150 190
fL: 18u)

LID Vth BVdss gm/Z Ron'Z Tdelay
FIGURE 1 CMOs (V) (V) (S/cm) fl'cm) (nsec)

Nultipower BCD 250V process cross section Vgs10 Vg$=10 Coi

Vds
= 
5 Vds=O.1

obtained by using the dopant profiles involved N-ch. 1.0 18 0.16 1.9 24
in the DUOS silicon gate process adding Vdd= 5

only two extra P doped layers: P-ch. 1.2 20 0.05 24 10

- the P well regions designed to realize Vdd =10

self isolated N-channel NOS in CNOS devices,

implanted after epitaxial growth and spacings between emitter and collector

driven along with the top isolation and wells down to 8-um are possible according

top sinker; to the gains and Early effect required.

the lightly boron doped drain extensions A proper P well region for COS devices

for the H.V. P-channel NOS transistors provides the matching between the N- and

implanted before arseric doped sources, P-channel threshold voltages without any

drains and emitters. extra adjust implant. With the lithographic

The total number of masking steps is rules employed in the process, a density

14 and a 4-us linewidth and 1-urn alignement of about 450 tr/mm2, N- and P-channel mixed,

tolerance process is used. can be obtained.

3.2 Low Leakage Diode (LLD)

3. DEVICE DESCRIPTION If to the 14 mask process an extra mask

3.1 Bipolar and CMOS devices is added to implant an optional phosphorus

As regards the signal devices, whose doped buried layer, the top-bottom approach

main electrical characteristics are reported allows the integration of an isolated high

in tab.l, two kinds of NPI's are available voltage LLD (fig.l) that is useful as a

according to the doping profile employed free-wheeling diode in inductive load driving.

as a base region. For the lateral PNP's, This structure has achieved a blocking
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voltage capability of about 290V and a beyond a biplanar polysilicon electrode

current loss towards the substrate of about running over the gate and the field oxide.

four orders of magnitude lower compared These two oxides, whose thicknesses

to a traditional base/collector diode, are respectively 850-A and 2.5-us, are

due to the very low gain of the parasitic connected with a very low angle (less than

substrate PUP. 200) to reduce the electric field peak

3.3 N-channel Vertical DUOS transistor arising at the transition point and to

j The DM0S design work has been carried improve step coverage. The positioning

on to obtain a device that guarantees the of the third field plate level on an increased

desired voltage capability with the minimum dielectric thickness lowers the induced

RonxArea value, keeping into account some electric field at the silicon surface,

constraints. To avoid channel punch-through allowing a breakdown voltage 20V higher

at the maximum applied voltage, the body with respect to the biplanar one and making

region has a doping profile designed for the device unaffected by field oxide thickness

a channel length of about 1.7-un and a reduction from 2.5-un to 1.5-us.

threshold voltage of 3V. The epitaxial However in the actual process, to reduce

layer thickness Is fixed equal to 25-us vertical and fringing electric fields induced

as a maximum value available by the top-bottom by the high voltage interconnection crossover,

technique. The resistivity is chosen equal a 2.5-um thick oxide is preferred.

to ll-ohmxcm as a good tradeoff between The integrated DUOS layout configuration

the blocking requirement and the drift has been chosen according to a mathematical

region contribute to the on resistance. model (11 that provides the specific on

The junction edge termination that optimi- resistance as a function of the physical

zes the device blocking voltage capability and geometrical parameters involved in

has resulted to be a triplanar field plate the structure (fig.3). Teat vehicles designed

(fig.2) obtained extending the source metal

C;1 nE Xcill +d
E 5.7

G S metal D polysilicon .
ied plaIte1 electric shieldelI

N. buried layer
12

N + pollsiicon to P. isol. I
N-e i l d P1 4 to N i e 5.5 

1

*ield plate top N sinker

o'' 
bottom P s l.

N+ buried layer Xel1j

'1 75.4 
Xsink= 35y

bottom + sinker _______________

P- substrate 13 14 15 16 17 18 19

intercell spacing (y)

FIGURE 2 FIGURE 3

DUOS edge cross section RonxAres vs. DUOS design parameters

.:11 - 35



placing between two drain sinker contacts 1O-um can sustain the required voltage

11 square shaped (15-umxl5-um) cells with on a wide range of drain extension implant

a gate width of 15-u have exhibited a doses (fig.4). Its electrical characteristics

specific on resistance equal to 5.2-ohmxmm2, are reported in tab.2.

in good agreement with the calculated value.

The DUOS electrical characteristics 350 "

are shown in tab.2.

TABLE 2

HIGH VOLTAGE DEVICES 300
• o 30ju

Vth BVdss gm/Z Ron' Z Ron'Area 20J

(V) (V) (S/cm)(Jjcm) (1f-cm 2) . i5p-

Vgs=lO Vgs=lO Vgs=lO > 250 o experimental
Vds= 5 Vds=0.1 Vds=O.1 HFIELDS (Qf=5-10 11cm - 2

P-ch. 1.2 320 0.037 44 *HFIELDS (Q=5 10 0cm-2 )
MOS 2o

1.0 2.0 3.0 4.0 5.0
N-ch. 3 315 0.11 5.2.10-2 Drain extension implant dose (-10 12 crn 2 )

DM0S
FIGURE 

4

H.V. P-channel NOS BVdss vs. drain extension
3.4 High Voltage P-channel OS transistor implant dose

The Nultipower BCD process allows to

integrate a H.V. P-channel MOS that can 4. CONCLUSIONS

be used to drive the H.V. DMOS. The blocking By using a top-bottom junction isolation

capability is provided by an implanted approach, low voltage Bipolars and CMOS,

extended drain that depletes back when high voltage P-channel NOS and Low Leakage

a reverse voltage is applied avoiding electric Diodes have been integrated with high voltage

field crowding and MOS channel punch-through. and medium current Vertical DMOS devices

The drain extension doping charge is with planar contacts. The breakdown voltage

gradually increased from the gate to the of 300V for DNOS and P-channel MOS was

contact region, interposing the same medium respectively achieved by a triplanar field

doped P well profile employed in the CMOS, plate and a double doped drain extension

to better partition the applied voltage 12) . as junction edge terminations.

Besides. the high surface electric field

at the drain/gat overlap is reduced extending REFERENCES

the source metal over a part of the more (13 Andreini, A. Contiero, C. albiati,P.,

resistive drain extension region. A structure IEEE Trans.on Electron Dev. ED-33 No.12
(1986) 2025

designed with drain extension and P well

lengths respectively equal to 30-urn and (2) Temple. V.A.K., IEEE Trans.on Electron
Dev. ED-30 No.8 (1983) 954
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RAPID THUML PROCESSING OF POLYSILICOM NITTEE BIPOLAR TRANSISTORS IN A OCfINE
OS/3IOLAR PROCES

STC Technology, London Road, Barlow, CHI? 9M, UK
*LSI Logic Ltd., Grenville P1.. The Ring, Bracknell, Seeks., R012-iSP, UK

The effect of ETA time on the emitter profiles and base current of polysilicon emitter
bipolar transistors has been studied. Experimental results show increasing base current
with anneal time. The contact saturation current density Jos has been extracted for a
device, with polysilicon doping level of U210 20 ca-0 and a 45 second I1000C ETA.

1. INTRODUCTION regions. The wafers were cleaned and,
Polysilicon emitter bipolar transistors have immediately following an UP dip etch, a layer

* been fabricated as part of a combined of LPMY polysilicon was deposited. The
OIOS/uipolar proc-sa described previously [I) polysilicon was doped by arsenic implantation

(23. Rapid Thermal Processing (RTP) serves the at 4OkeV. Subsequent thermal processing

combined purpose of a) arsenic activation and consisted of a 45 minute 9000C furnace

drive-in for shallow emitter formation. anneal/oxidation and two Rapid Thermal Anneals

b) anneal/activation for source and drain areas (ETA). Finally, after metal deposition and

and c) flow and reflow of SPSC for patterning, the wafers were annealed in

planarisation and contact hole rounding. Ms:Ha at 430 0C for 15 minutes.

Several recent publications [31141 have in experiments the total ETA time was varied
analysed devices in Which the emitter has been between 20 and 45 seconds. Also, on samples

formed by arsenic out-diffusion from given a 45 second ETA, two emitter doses were

polysilicon. These report the effect of -investigated.

conventional furnace annealing conditions. In 2.2. Electrical measurements

this paper the effects of high temperature Probing of a device with emitter dimensions
processing in a Beat Pulse 4101 Rapid Annealing of 65V~m a 7.S~ was carried out on a
System are assessed. thermally stabilised chuck at 300*K

Saturation currents Ibo and 1co were obtained
2. NIPS1u11ImAz PROC3aui by extrapolating from the measured Gunnel

2.1. Device Prosiag plots, using an ideal diode gradient, figure 1.

An n-well was diffused into a p-type 2.3. Analysis

substrate to act as both the collector of the secondary Ion mass Spectrometry (SIM)
bipolar transistors and the isolation well for analysis was carried out on test structures

the p-channel UDIFETs. The bipolar devices, which were processed along with the devices.

base dopant was Implanted and then driven-in Spreading Resistance Analysis (SEA) was also

during the CNN &ate oxidation. Windows were used to check the absolute dopant

defined In this oxide to form the emitter concentrations given by SINS analysis.



3. HDOW&M 1.8zlo-1 cms-" employed on the

3.1. Process modelling basis of the work by del ALamo et IL (91.

simulation using 8WEUI 151 Was employed to

predict the dopant profiles. Uing default 4. EZPKRINOTAL REaULT

values, arsenic outa-iffusion from the &US3 profile results for four different 321

polysilicou into the single crystal was found times are given in figure 2. Arsenic is known

to be in poor agreement with the measured to segregate to grain boundaries i the

profiles. Modelling the polysilicon as a pollsilicon. Therefore, a peak in the profile

constant gas source of arsnl in nitrogen, exists at the grain boundary between the poly

however, produced better results. This and single crystal silicon. The effect of

approach can be Justified when one considers increased 3TA time leading to increased arsenic

that arsenic diffuses very rapidly along the out-diffusion can clearly be soon.

grain boundaries and establishes a constant Figure 3 shows the combined SINS, SRI and

average dopant concentration in the BUPR993 profiles in both the emitter and base

polysilicon. Furthermore the amount of arsenic regions of the device. Good agreement is seen

in the single crystal part of the emitter is in the single crystal part of the emitter and

small emounting to less than 51 of the total at the emitter base junction. Deviation of the

dose in the polysilicon. S&A results from the SINS near the base

3.2. Device modelling collector Junction is likely to be caused by

Characterisation of polysillcon contacts to field crowding near to the surface of the

bipolar transistors has usually been carried bevelled sample. Due to grain boundaries and

out by use of the parameter Sp 161, the hence increased resistivity In the polysilicon

effective recombination velocity of the an erroneously low concentration is given by

minority carriers at the poly/single crystal SRt in this layer.

interface. For this work, however, it was The emitter saturation current densities are

decided to adopt the approach laid out in (4), plotted as a function of RTA time in figure 4.

and use the parameter Joe, the contact Joe can be seen to increase with increasing

saturation current density as the figure of time at 1100C. The semple with the

merit for the polysilicon contact. Jos is increased arsenic concentration of

defined as 3.75x105"cm-* exhibits a marginally

Joe a q9p, 0(WE) higher Joe than the sample with

where q is the electronic charge and % (R) 3.0 excm - . This difference is

is the equilibrium hole concentration. The however not Sreater than experimental error.

interface (zdd) is at a distance V from Extraction of Jos was carried out for the

the emitter base Junction (zxO). 3.0slO'cm-s doped emitter which had a

The emitter saturation current density Joe, 45 second RT. This gave a value of
was taken as Jos % (1.5 + 0.3)10-la acmi2

Joe - I bo/k with 70-O10 of the injected hole current

where AS is the emitter area. The device reaching the original poly/single crystal

simlator GIPOLE 171 was then used to extract interface.

Joe for the given doping profile by fitting the These results agree with those of Patton et

simulation result for Joe to the measured value al 141, in demonstrating the increase in Joe as

by altering Sp. During this exorcise the emitter drive-in time is increased. Again

mobility data of Goulston et al 18] was used referring to 141 the Joe value given here would

with en Auger recombination coefficient of correspond to an interface which has had the
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original native oaide broken up and has Ic C A)

substantially realignad. The work by -- -

Uolstenoublmast &1 (3) would suggest that the-

initial 45 minutes at 900C does not 7_
significantly break up the native asiide. This A - 7-

for this interface break up.ofO

5. COiNCLUSION
In this work results have been presented on

---------------- ----------------------E1
teefcsof Ean tim on emitter profile and I.2 O iur WV

contactedbioatrnitr.Icesg

time lead tohigher Joe value. andlagrbs
20 sacscurrents. This may not be undesirable however, 12
45 sacs

if increased reproducibility is obtained .. *:60 secs
75 secs

through reduction of the interfacial effects, %

while maintaining shallow junctions.

11) Baker, H.3., Hunt, B.G., Mc~eill. DVW,0. 04 06 08 10
Blomley ,?.V., Scovell ,P.D., ISDRRC 1986. Figur 2. . . .

(21 Baker, 3.3., Hunt, B.G., McNeill, D.W.,
Blosley ,P.V., Scovell ,P.D., lnst. Phys.
Slectroics group, Feb. 1967.AsSN

1E20 - .A SINS

(31 Volatenholm, 0.3., Jorgensen, N., Ashburn, ASB SINS
P. Brooker, G.E., J. Appl. Phys. 61(2), Jan. 87 B SUP3

(4) Patton, 0.L.. Bravman, J.C.. Plu mesr, J.D., .--

1312. 31-33, no. 11, Nov.- 1986

1315

(5) No, C.P., Hansen, B.S.. Stanford Bloc. Lab. #
Tech. Report No. 83-001, July 1983 0.2 0.4 0.6 0.8 1.0

Figure 3

[6 Senua, S.. Moister. T., Schaber, N. Vieder,
A.W., ISVIN 1985 pp. 302-305. Joe

(A cu72 )
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J., I=3 Trans. 31-19, p.M.9 1972
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I= Trans. 3W-29, pp.292-295, Feb. 1962
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R.D. Schnell and H. Schink

Siemens AG, Corporate Research and Development
D-8000 Mtlnchen 83, P.O.ox 830952, F.R.G.

The influence of substrate material on Si-implanted CV-profiles is
demonstrated on S.i. LBC grown GaAs. Local activation is affectedby stoichiometry variations near dislocations. For higher
Concentrations the variations increase due to saturation effects.
By co-implantation of As and enhanced implantation damage the
activation is decreased and the dislocation influence increased.

Introduction - xperimental

silicon is the most commonly used The substrate material used was Siemens
dopant for the formation of n-type 20-semiinsulating undoped GaAs. Ion
active layers by ion implantation into implantation was performed into the
semi-insulating GaAs. The application blanket wafer under appropriate tilt
of MRSFITx for digital LSI circuits and rotation angles in order to avoid
requires a high degree of threshold inhomogeneities due to planar
voltage uniformity and reproducibility, channeling. Capless annealing was
Therefore the doping profile, i.e. its performed under an AsH3-overpressure. A
shape and activation efficiency, has to CV-pattern [6] (Fig. 1) was created by
be controlled carefully. However, the lift off technique using Ti/Pt/Au
activation of the implanted silicon is metallization. The CV-pattern allows
dependent on substrate properties and for a high lateral resolution (100pm)
quality. Dislocations, deviations from because each Schottky contact is used
stoichiometry and concentrations of nine times, once acting as the diode
both gallium and arsenic vacancy under test and eight times acting as
defects as well as of impurities part of the ring electrode. The
influence the activated profiles (1-5]. interconnections are installed on the

In the following paper we will probecard. Measurements are performed

demonstrate the influence of the on semi-automatic probestations using
an L.E-impedance analyser and applying

substrate material itself on the doping appropriate correction. (6] for the
profile and show the effect of an As- a uattion s o the

co-implantation. Macroscopic as wll as main of th e vafe e or

microscopic variations of profiles in diodens measure ret in a

conventional undoped GaAs-substrates re io of ltm.
resolution of 1um.

are evaluated quantitatively and

interpreted in terms of their relevance

for MUT homogeneity and compared to
requirements of LIZ digital circuits.
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-- V,

this means that V., varies by the same

amount, leading to values of ±l8mV for

Vw,+I0V. This is a value tolerable

for LSI circuit applications [7).

On the microscopic scale the influence

fLYZER of dislocation networks on V., was

W demonstrated frequently 11,3-5). ButII Ii there is little information about the
doping profiles involved (6].
Bapecially the question whether an

IoOwmSSChotftk-Metatizqton activation (1] or a compensation effect

[2] is responsible is not clearly
Figure 1

chemtc of the Schottky-metallization
for high lateral resolution CV-
measurements.

+ 2%
Results+1

+1%
Fig. 2 shows a capacitance map measured +

at zero bias voltage oi a 21-wafer _

implanted with 3Si at 60keV with a -1%

dose of 3112cM-2 . The material 2%

influence results in a higher ..-
capacitance in the center and at the

edge of the wafer. The lowest values -3%
are located at the well known positions

of lowest dislocation density along the
(1103 radial directions resulting in a

four-fold syxmetry. The variations are

±1.5% for a mean value of 1.37fF =-2 . A
comparison with the doping profile

shows that these variations are due to
variations in the overall activation

effioiency. Since the width of the
space charge region (W) is proportional
to 3-*2 (N-doping concentration), the Z(ym)

variation of doping concentration AN/N

is twice the variation of capacitance Figure 2
AC/C. For the case mentioned above a Capacitance map at 0V bias voltage

variation in N of ±3% results. This is (top) and selected CV-profiles (bottom)
t after Si implantation (60keV, 3*10"2ageement with the CV-profle.nto 2"-s.i. LHC grown undoped

the shae of the profile is constant, GaAs.
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resolved. Fig. 3 shows a high
resolution map of the capacitance of an 6

area of 22=2 in the center of a wafer E

implanted at 6OkeV with a dose of 4.9 c

512cw-2. The influence of the <

dislocation network is seen. The doping Ct 3. -rwall 5.0 E,2/o

profiles taken at the center and the L

wall of one dislocation network differ * 2.4

from each other in such a way that the

peak activation is higher at the wall 1.2

than in the center. In the tail of the

profile no differences are measured. Z(Pm)
This effect is enhanced-by using higher

implantation doses (Fig. 4). Going from Figure 4

Dose-dependent microscopic activation
scattering for 60keV Si implants.

- 0.5 MM

+4% 5E12cm- 2  to 7.5E12cm-2  the relative
+3% difference of the peak carrier

+2% concentrations increases from 3% to 7%
+.% (corresponding to Vw-values of -l.9V +
* J 20mV and -3.2V ± 70mV respectively).
+0 ' The results can be explained by a

-1/ saturation of the Ga vacancy occupation
_22 with Si atoms that takes place at a
-3 , lower Si concentration in the center of

4 the network than at the wall. By

4 approaching a saturation concentration
of 1.. .218cm-2 , where the amphoteric

character of Si prevents higher
4 concentrations to be activated, the

,m dislocation influence is enhanced.

ca3
A similar increase is observed by the

use of an As co-implantation of
1El3cm-2 at 170keV into a Si-layer

I formed at 60keV with a dose of

7.512cm-2  (see Fig.5). Both
Z (pm) implantations where capless annealed

together. In this case the activation
Figure 3 efficiency decreased as a consequence

Microscopic capacitance map (top) and of the implantation damage. The ratio
selected CV-profiles (Si,60keV,5*1022 AC/C between center and wall of the
cm-, bottom) showing the influence of
dislocation networks. dislocation network was 6%.
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- 0.5 m" dependent due to saturation effects.
The lowest variations are obtained with

+3% an annealing process that results in
nearly 100 activation as shown in

+2*/ Fig.3.
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Figure 5

Microscopic capacitance map (top) and
selected CV-profiles (bottom) after co-
implantation of Si (60kV,7.5*10l2 cs- 2)
and As (170kV,1*10l cm-2 ).

Conclusions

The results can be interpreted in terms

of the simple defect model of Miyazawa

et.al. [1]. It was found that the

concentration of ZL2 [8] is increased

around dislocations with respect to its

average value. As a consequence the

concentration of Ga-vacancies and the
activation efficiency for Si increases.

When the density of Si is increased the

activation efficiency and the scatter

of the activation become concentration
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COWARIiN OF RAPIV ANEHIALING AID FURNACE ANIALIM OF S IMFLi-D INTO GAIN".

J. Splettat6gsr, H. Hessel, U. Areuer, V. Albrecht
D. Schmitz*, J. Solders" and H. Benking

Inatitute of Semiconductor Electronics
Aachen Technical University

So.merfeldstrage, D-5100 Aachen, FRO

The activation efficiency of conventionell furnace annealing (650 *C-900 oC, 30
wim, SiO 2 cap, N2 ambient) and rapid thermal annealing (600 OC-900 °C, with and
without S1O2 cap. N2 ambient) has been compared in Si doped GaInAs layers grown
lattice matched by either ONVPE or LPE on InP. Carrier profiles and atomic profiles
have been determined by selective Hall measurement, C/V profiling and SIMS measure-
ments. For an implantation dose of 2*1014 cm"2 and rapid thermal annealing at 900
oC activation of 69 % with a sheet resistance of 20 0 is found. Rapid thermal
annealing and furnace annealing lead to comparable activation efficiency and Hall
mobility data. A broadening of carrier concentration profile for furnace annealing
at 700 °C, 30 min is observed. Rapid thermal annealing between 700 oC and 900 °C
leads to no measurable change in Si profile.

In case of low dose Si implantation in ONVPE grown layers highest activation (65
0) is achieved for rapid thermal annealing at 700 °C. The electron mobility at a
doping concentration of 1017 cm"3 is 5800 cm2VWls- 1 . For low dose Si implantation
in LPE grown layers the activation is 100 % after rapid annealing at 800 °C. Long
furnace annealing (700 oC, 30 min ) results in an anomalous high carrier concentra-
tion at the surface.

1. INTRODUCTION 2. EXPERIMENTAL

Si can be used to produce highly doped n- We studied the annealing of Si implanted into

GaInAs layers as desired for JFET and MISFET n- and p-type GaInAs with doses between 1*1012

source and drain regions[l]. However the mini- cm "2 and 3*1014 cm02 . The implantation energies

mization of diffusion of dopants into CaInAs varied between 25 koV and 200 keV. Lowly doped

bulk and along the insulator/CInAs interface GaIuAs has been grown by LPE and ONVPE lattice

requires a reduction of annealing temperature matched on InP substrates. The distribution of

and annealing time. Furthermore we want to implanted Si has been measured by SIMS, selec-

explore the possibilities of Si ion implants- tive Hall measurement and C/V profiling. In

tion for moderately doped layers (n-1017 cm"3 ) case of low dose Si implantation 2 K PL has

as required for channel regions [2]. been used to monitor the optical quality of the

The aim of our work is to optimize annealing layers. The implanted layers have been annealed

conditions with regard to activation and re- either by rapid thermal annealing or furnace

crystallization in order to avoid diffusion, annealing. The temperature was varied in the

* Aixtron. D-5100 Aachen, FRO
P Iresent adresslTelefunken Electronic GobH, D-7100 Heilbronn, FRO

*** University of Michigan, Department of Electrical Engineering and Computer
Science. Center for Highfrequency Microelectronics, 1301 Beal Avenue, Ann Arbor,
Mich. 48109-2122/USA
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* I

range from 600 °C to 1000 °C. Rapid thermal nealing. The influence of cap on activation is

annealing was performed with a tungsten lamp low. The activation in LPI grown samples is 10

furnace. The heating rate i about 100 OC per k higher than in OIVUP grwn material. In Fig.2

second. Anneal time is defined as the period carrier concentration profiles received from

during which temperature is higher than 90 1 of selective Hall measurements are compared with

anneal temperature. All rapid thermal ann*&- the LSS model.

lings were performed with the shortest possible

anneal time. which is 3 a . In case of RTA the lS a

implanted samples were either encapsulated with I S I

SiO 2 or capless conditions were chosen. J

3. RESULTS AND DISCUSSION 10 0

In Fig. 1 the influences of annealing temps- M IE

I 
LI

ratures (methods RTA or 30 min furnace annea- Es

ling) and capping conditions (capless or with a 
6 R

S102) are plotted. 4

100m' "
* captess 2

80 " SiQcap RTA 10
oSiO cap,(30min) 0 .1 .2 .3 .4 .5

/ #_depth/pm
60 * FIGURE 2A %

o +_ Electron concentration and electron mobility

40 +- profile measured by selective Hall measurement.

+ The profile resulting from furnace annealing
o (700 °C, 30 min )is marked with crosses. Squares

20 represent the profile from rapid annealing at
700 °C.

The profile resulting from RTA at 700 °C sug.

600 700 800 900 1000 gests that diffusion is negligable. However
furnace annealing broadens the profile.

FIGURE I SINS measurements are used to determine pro.

Jetdrange and projected standard deviation

Dependence of electrical activation 
for high

dose Si implanted CaInAs layers on annealing values for Si implanted with energies between

temperature. The implantation in a double im- 25 keY and 200 keV. For sputtering 10 keV Cs
+

plantation 3-100 keV, D-6*10 13 
cm

"2 and 3-50
keV. D-3*l013 cm

"2
. Caplesa and annealing with ions or 10 keV 02

+ 
ions have been used.

SiO 2 cap as well as RTA and furnace annealing The experimental range data have been deter.
are compared. Results obtained on ORVE grown manda d ee1
GaInAs layers are marked with arrows. In this y

case the imlantation paraeters are 9-100 keV in comparison with data from LSS model. Espe-
i and D-2*IO

I  
cm

"2 .

suucially the high energy implants correspond with

As usually observed the activation increases theory
• with higer annealing temperatures (3) . At the

Ban* temperature furnace annealing results in a

10 higher activation than rapid thermal an-
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TABLE 1 I0° i- ke DIn's c
Range data for Si implantation with different Si- GalnAs

energies. l0 9 E=100 keV D2-l0ucf -2

LSS theorie experim. • RTA 700"C
50keV Rp/jM 0.044 0.037 'E 1018

ARp/m 0.028 0.033 0SS

100keV Rp/;m 0.087 0.075 o ,0 , .7

ARp/ m 0.048 0.050 0 \
200keV Re/&m 0.177 0.184_' 1O6

b.Rp/gm 0.082 0.108 I

1015
SIMS depth profiles of a Si implantation (E- 014

50 KeY; D- 2*10 1 5 cm -2 ) are shown in Figure 3. 1' i

Rapid annealing between 700 °C and 900 °C in- 0 1 .2 .3 .4 .,

troduces no measurable change in Si profile. depth/pm - W

to21 FIGURE 4
OR Carrier concentration profile of a low dose Si

2 Si -- GanAs implanted sample, obtained by selective Hall

to E 50 KeV; o 2*10'5 cM-2  measurement.C
. 1 Si --- Ga In As
0U 12-2=C-_ E=I0 keV D=2.10 cm

"10 - RTA 700C

to010
o00 200 300 400

depth / nm E

FIGURE 3

Si depth profiles for rapid thermal annealed 5'
samples measured by SIMS (- as impl.,

.7000C,- 800 0C.- - 900°C)• O

Carrier concentration profile 
and mobility E

profile for low dose implantation in OMVPZ .. ,

grown samples are shown in Figure 4 and 5. It 0 .1 .2 .3 .4 5
is remarkable that the mobility at a electron depth/pm
concentration of 1017cE

3 is as high as 5800

rm2v'Il. in case of rapid thermal annealing FIGURE 5

at 800 °C and 900 °C the activation is reduced ;Mobility profile corresponding to figure 4.

to 450 and 360, respectively. The decrease o

activation with increasing anneal temperature surface region. This can be caused by Si indif-

is only observed for the low dose implantation fusion or stress induced donor like defects due

in OMVPE grown layers. to annealing with Si0 2 cap 14].

The carrier concentration profile caused by Optical quality of the low do . Si implanta-

long time furnace annealing (700 °C, 30 min., tion has be, n investigated by PL. Typical 2 K

Si0 2 cap) is shown in Figure 6. An anomalous PL spectra of LPE grown Si implanted GaInAs

high carrier concentration is obtained for the layer excited by the 647,1 nm line of a Krypton
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2z0 4. CONCUSIONSi -. Ga In As Doping levels of 10 9ca3  can be achieved by

S0 implantation and rapid thermal annealing.
9 For an implantation dose of 2*10 14 cn'2 and

MO ISO e rapid thermal annealing at 900 
0C activation of

69 % with a sheet resistance of 20 0 is found.

10" 7-' .LSs -FA 0O,30 The activation, of high dose implantation is

0about 10 0 lover in OMVPE grown layers than in

LPE grown samples. Rapid thermal annealing and
"10 furnace annealing lead to comparable activation

105 efficiency and Hall mobility data. A broade-

ning of carrier concentration profile during

1 furnace annealing at 700 C, 30 min. is ob-

0 1 .2 .3 .4 served. Rapid thermal annealing between 700 °C

depth/pm 3 and 900 °C leads to no measurable change in Si

profile.
FIGURE 6 In case of low dose Si implantation in O(VPE

Carrier concentration profile resulting from a grown layers highest activation (65 0) is-
long time furnace annealing (700 oC, 30 min ). achieved for rapid thermal annealing at 700 °C.

laser are shown in Figure 7. The excitation It is remarkable that the mobility at a doping

level for all curves Is 0.6 W/cm 2 . Line A is concentration of 1017 cm 3 is as high as 5800

correlated to the exciton bound to a neutral cm2V'ls 1'. For low dose Si iiplantation in LPE

donator (Do,X) and to the free exciton emission grown layers the activation is 100 % after

(X). Line B is attributed to a donator-acceptor rapid annealing at 8000C.

(D,A) transition[5]. After rapid annealing at

700 °C the integral PL yield is comparable ACKNOWLEDGMENTS

with the yield from the as grown sample. Higher The authors wish to thank S. Ambros for PL

annealing temperatures lead to a further in- measurements and discussion andD. Dunkmann for

crease of the PL intensity, the ion implantation.

px0.6Wlcm, X647.1nm / This work has been supported by the EEC.
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ABSTRACT

In this article we will illustrate, in terms of yield-performance considerations, how

for conventional annealing techniques the doped LEC materials (i.e. lightly Cr or In-doped)

prove to be better than the undoped material, primarly because of the higher yield capabi-

lity, and that before full advantage can be taken from the potentially better undoped mate-

rial then either an improved annealing technique and/or ingot annealed material must be

considered.

INTRODUCTION ping of arrays of field effect transistors fa-

GaAs integrated circuits are attracting much bricated on Liquid Zncapsulated Czochralsky (LEC)

attention due to their high speed and high fre- grown semi-insulating GaAs, we illustrate, in

quency capabilities. Recent progress in these reasonable agreement with other published work

IC's has mainly been attributed to the advance (1-3) how the on wafer active layer uniformity

of direct ion-implantation into semi-insulating is strongly dependent of substrate material used,

bulk GaAs and the corresponding post-implant an- and furthermore how said uniformity can vary both

neal. Althougth the ion implantation technique radially on a wafer and longitudinally along the

has a high potential for realising uniform and ingot from seed to tail-end. In particular we

reproducible active layers, said property is in will illustrate, in terms of yield performance

part invalidated by the fact that not all GaAs considerations, how for conventional annealing

substrates are equally uniform and furthermore techniques the doped LEC materials (i.e. lightly

they behave differently with post implant anneal- Cr or Zn-doped) prove to be better than the un-

ing and this often results in poor overall yields doped material, primarily because of the higher

of IC's which do not respond to the specified yield capability, and that before full advnta-

performance limits. Because from the point of ge can be taken of the potentially better undo-

view of production yield the on wafer radial va- pad material then either improved annealing te-

rations tend to present the biggest problem, chniques or ingot annealed material must be con-

in this work we have investigated how such va- sidered.

rations can differ from one type of semi-insu-

lating material to another on the basis of an e- IPRIMN AL.

valuation which takes into account TAe devices The material studied in this work includes

specified electrical performance and yield, five different types of 5.1. GaAs substrates

In fact by mem- of electrical paramter mp- grown by the LC technique: that , undoped,
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Fig.1 - On wafer activation uniformity maps and IDSS histograms for different IEC substrates after
conventional furnace anneal: a) Cr-doped, b) undoped, and c) undoped ingot annealed.

Implant dose ixlO13 60 keV + 6X1012 150 keV.

undoped ingot annealed, Cr/O doped, In-doped and ae of lXlO at 40 keV and 5xO1 at 120 keY, ty-

Cr/0 doped with buffer layer. Said material was pical for our medium to low-noise NISFET devices,

qualified by our standard "in-house" procedure has been utilised. Said implant dose has been

to evaluate its properties (4). In particular prefered for this study because it is sufficien-

the thermal stability of the material (i.e. re- tly low, (i.e. in the linear part of the activa-

sistance to surface conversion), after treatment tion versus implant dose characteristic) (6) to

with the "in-house" capping and annealing proce- ensure reasonable sensitivity to on wafer acti-

dure and the activation efficiency and on wafer vation uniformity variations, avoiding the pro-

uniformity, after Ion-implantation are evaluated, bloe of doping impurity maturation threshold

Post-implant annealing of the substrates was typical for implant doses greater than

carried out in the presence of a Silicon Nitride 2xO13 cm
-2

cap deposited by a reactive sputter deposition The on wafer activation uniformity was stu-

technique, and controlled to satisfy the "no- died 1v of arrays of MISFIT ohmic contacts

conversion" (5) criterion. The annealing cycles fabricated on the selectively doped S.I. GaAs

investigated include a standard furnace anneal substrates (2), with corresponding measurement

at 820C for 15 minutes in a nitrogen gs ambient of device source-drain saturation current IDS

and a modified technique which ministers the pre- (300/M wide devices) uniformily distributed on

mence of thermal gradients across and througth the 2 inch wafer. After this first characteri-

the GaWs substrates during annealing. nation we then proceded to complete the MISITe'a

For this study we have uW a standard 2S1 by the conventional recessed gate te.hnology and

implantation to obtain the selectively doped ac- finally we evaluate their electrical performance

tive layers; in particular a double implant do- by suitable d.c. and r.f. measurements.
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FIg.2 - On wafer activation unifor-

.... mity "aPH and XpD histqgrm for
... ---- the a) undoped, and b) undoped

ingot annealed substrate after mo-
dified annealing conditions.

TO=M"MA A Tdin3mmA

E~iu=OiMA=A.U%

RESULTS. +17%. Furthermore for this material the absolu-

From typical Im, maps obtained for the dif- te mean I value is unexpectedly found to de-
DSS

ferent substrates after conventional furnace an- crease by as much as 30% in going from seed to

nealing, some interesting aspects of on wafer ac- tail end wafer.

tivation efficiency and uniformity are iumedia- For the undoped ingot annealed material, un-

tely apparent. expectedly large differences in activation uni-

As shown in fig.la for the doped LEC material formity have been observed in going from seed to

(Cr doped in this case) the sheet carrier concen- tail end wafer. In particular we have observed

tration is fairly uniform over the entire wafer that even thougth the absolute mean IDSS value

with mean IDSS standard deviation bettern than is unchanged from seed to tail end wafer the cor-

+ 3% irrespective of the wafer position in the responding standard deviation in mean I Ss can

ingot. However for this material the absolute be as poor as + 30% for the seed end wafer and

mean IDSS value (and thus activation efficiency) as good as 3% for the tail end wafer (shown in

is found to decrease appreciable, by as 50%, in fig.lc). This apparently anomolous behaviour in

going from seed to tail end wafer, activation uniformity of undoped ingot annealed

As shown in fig.lb for the undoped LEC mate- seed-end wafer has been confirmed by similar re-

rial a radial four-fold activation symmetry is sults obtained from other ingots from different

obtained, similar to the saps of residual stress, suppliers.

dislocation and EL2 levels observed by near in- Finally for the Cr/O doped substrates with

frared transmittance (7), with a correspondingly buffer layer we observe only localised disomoge-

poor on wafer activation uniformity. In fact .dous areas, yielding typical mean IDSS standard

for this material the mean ID5 standard devia- deviations better than +4%.

tion was found to be in the best case (centre of As might be expected the above reported re-

sults are strongly dependent on the post-implantingot) + 8% and in the worst case (tail and wafer)
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capping and annealing procedure. In fact as il- results in good yied/performace evaluation for

lustrated by some typical results presented in ion Implanted MSM devices.

fig.2, we observe that by reducing as much as

possible the thermal gradients generated across CONCLUSION.

and througth the GaAs substrate during annealing In our characterisation of 5.I. substrates

(particularly during cooldown ). the activation we have seen that by utilising a conventional

efficiency and in particular the on wafer uni- furnace antiaaling technique, the yield/perfor-

formity of the undoped LEC material can be is- mance evaluation of MSr3 eevices fabricated

proved appreciable. In fact as shown in fig.2a on undoped LEC material is surptibinsty inferior

the mean I standard deviation for the undoped to that obtained for doped material, primarly
DSS

material in this case is always better than +7%. because the undoped material gives a lower yield

with a constant activation efficiency througth- of devices within r.f. specifications. The sur-

out the ingot, and as shown in fig.2b for the prising nature of this result has led us to in-

undoped ingot annealed material even thougth the- vestigate in more detail the post-implant anneal-

re is little improvement in the mean value stan- ing technique and as such have found that before

dard deviation for the seed end wafer (remains full advantage can be taken from the potentially

+3%)the activation efficiency is found to incre- better undoped or undoped ingot annealed LEC mas-

ase by as much as 30%. terial then an improved annealing technique,

Preliminary r.f. measurements (i.e. optimum which minisises as much as possible the presence

noise figure XF and maximum available gain G of thermal gradients across and througth themax

at 12 Ofz) of the MSflT's fabricated with the GaAs wafer during annealing, is necessary.

above reported substrates tend to indicate that

for conventional furnace annealing conditions REFERENCES.
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Pilips bsearch Laboratories. Redhill, Surrey U.C.

An Insulated Gate Bipolar Transistor design based on bulk silicon material
capable of blocking voltages in excess of 1500V is reported. The device
incorporates a detailed anode shorting pattern whict inhibits hole injection
during *-state, and reduces turn-off tines.

1. INTRODUCTION GTE

The Insulated Gate Bipolar Transistor (IGBT) CAMO\\ \

combines the low on-rooistance of a N +

conductivity modulated device with the simple

gate drive requirements of the power NOSFST.

Several examples of this device have been

reported (1-41. These are based on n:p

epitaxial starting material with blocking

voltages up to 1200V. Generally to reduce

turn-off tims and thereby enhance the switching

speed som form of carrier lifetime control is N-

required. In this work ye report on IGBT

devices capable of blocking voltages in excess

of 1500V.

2. DEVICE DESIGN AND FABRICATION
The device design is shown schematically In _\\\ ___ \\\\\\\\\\\\\\\\\\ ___ \\_

Fi.1 with its equivalent circuit in Fis.2. ANODE

The starting material is 1000 ca hulk silicon

which is polished down to a thickness of

approzlmately 250um. This allows the blocking PIGURS 1

voltago to be attained without excessive Schematic Device Structure

forward voltage drop. The top processing

follows conventional auto-aligned VMS Different mask geometries lead to a variation

schedules using a cellular mask design, in the back pt to n+ area ratio.

However, this processing is preceded by back of This design then gives a shorted anode

sle Lplats which produce an array of p+ structure which serves to suppress injection

dots in an n+ back contact. The dot sise and during the on-state whilst additionally

separation ate chosen to be sch smaller then providing a path for electrons during the

the slice thickness allowing relatively coarse turn-off phase.

alignment of the top and bottom patterns.
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CATHODE

GATE

FIGURE 3

I-V Characteristic

ANODE

4. TRANSIENT RESPONSE

FIGURE 2 Device turn-off ..s achieved by removing the

Equivalent Circuit positive gate voltage which shuts off the

inversion channel. Now there is a direct

extraction path for electrons at the anode and3. DEVICE bCHANISN
device turn-off is greatly enhanced. Current

In the normal mode of operation a positive
and voltage wavefrmrs under resistive and

voltage is applied to the gate 
with respect to

inductive loads (Figures 4 and 5), show a
the cathode. When the anode voltage increases

from zero we see conduction of electron current storage time of approximately 2O0n, then a

via the lateral n-channel FIT and resistance rapid fall of about SOns followed by a low

level current tail of approximateiy 1.hus.
Ksnb . This differs hro the usual I-V

characteristic of an IGT which shove no

conduction until the anode voltage exceeds

approximately O.6V with respect to the cathode. 

Injection will occur fro the back p+ dots when --

the voltage across Raub forward biases the -- -

emitter-base junction of the pep transistor. 
-

Typically this will occur with a forward ... . . - ----

voltage of 1.2 to OSV for p+ dot densities of

70 to 9OZ. FIS.3 show the I-V characteristic - ....

of a device with pt deity of approximately

85Z showing injection at a voltage just above
0.SV. The n- region aw becomes modulated with
holes from the p anode dots, and electrons

FIGURE 4

flowing through the Inversion channel, lowering
the oweestetmne of the device. The Anode Current and Voltage Waveforms with a

Resistive Load

resistance of the p-well, Is, is mInimised to (0.5k/div, 5V/div. 5OOns/div)

short out the parasitic a transistor thus

avoiding device latch-up.
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77.0 82.0 W.0 92.0
P denaLtS (Z)

FIGURE 5
FIGURE 6

Anode Current and Voltage Waveforms with Variation in On-Losses with p+ Density
an Inductive Load
(0.SA/div, SOV/div, 500no/div)

1.0

5. CONCLUSION 0.9

A compromise between forward voltage and

turn-off losses must always be made with a 0.8

device in the IGST family. Previously reported

methods of controlling the electron-holeo plasma 9 0.7 -.........................---

have consisted of lifetime reduction and n+
buffer layers. 0.6 !

In the shorted anode device we have another 10.0 15.0 20.0

very simple control method, namely the Turn-off Lace (pJ)

variation in the degree of n+ anode short. The FIGURE 7
level of injected plasma may be decreased

simply by designing in a greater percentage of for a Resistive Load

n+ short. Fig.6 shaove the change in device on

resistance with different p+ amounts. This

variation in pt to n+ are leads to a trade-off REFERNCES

curve between on-resistance and turn-off loss, 1I) Russell, J.P., Goodman, A.N., Goodman, L.A.
and Neilson, J.N., IZEE Electron Device

Fig.7. Lett. EDL4 (1983) pp.64-65

[2] baliga, 3.J., Adler, H.S., Love, 1.P.,
Gray, P.V. and Zomer, N.D., IEE9 Trans.
Electron Devices ED31 (1984) pp.821-828

(3) Nakagawa, A. and Ohashl., IEE Electron
Device Lett. EDM (1985) pp.378-380

(41 Chow, T.P. and eliga, D.J., IEEE Electron
Device Lett. RDL6 (1985)
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Design of a 1600 V Power Bipolar Node PET (DEMPT)

P.Spirito. G.Vitale
Dept.lng gneria Klettronica University of Napoli, via Claudlo 21,

80125 Napoli - Italy

G.Busatto

IRECZ - CNR, via Claudio 21, 80125 Napoli - Italy

G.Ferla, S.Musuneci

S.G.S. Nicroolettronica S.p.A., stradale Primosole 50,

95121 Catania - Italy

The design, the fabrication and the characterization of a BNFRT (Bipolar Node

FT) with a maxi m voltage of 1600 V and maximum current of 5 k (at hby - 2.5)

are reported. With the help of theoretical models, the effects of physical and

geometrical parameters on the performance of the device are investigated and the

rules to be used in the design are defined. The switching characteristics of the

fabricated devices show that the EMIT gives full Reverse Safe Operating Area and

fall-time down to 30 no on inductive load.

I. INTRODUCTION

The modern families of power devices, used

in switching applications, are designed with

the goal of reducing power losses and

improving reliability. As a consequence new

structures, which overcom the drawbacks

related to power NOSFET's and Bipolar Junction

Transistor (BJT), have been developed. In " w

'"fact, while power 1 7's show better
performances in term of switching times, Safe

Operating Areas and ease of drive as compared

with BJT's, they introduce a larger on

resistance than the BJT. In recent years FIGURF
devices like CONFET or IT (1) have been Schematic of the elementary cell of the UNFT.

introduced that combine MOSFET operation with

BJT operation. of the elementary cell showing that it

The DUET too can be considered as a consists of a thin N+ stripe region (source)

composed device in which a power J1T is surrounded by a deep Pf4 ring region (gate). In
combined with bipolar operation, the latter order to obtain a normally-off operation at

being obtained by forward biasing the gate high voltages with a reasonable geometry of

Junction. With proper design, the 341T can be the channel the device has been realized on a
fabricated as a "normally-off" device in which very low-doped (>200 Ob. cm) epilayer 120 wm

no gate reverse bias is needed to ensure the thick. The required current is obtained by
channel pinch-off up to the maximum drain paralleling about 1000 elementary calls over a

voltages [2,31. chip area of 200*200 mils
2
. A triple guard

In this paper it is reported the design and ring structure ensures the proper high voltage

the realization of a UNI with a 1600 V termination at the periphery of the device.

sustaining voltage, designed to be used in TV A picture of the complete device before

applications. Figure 1 exhibit* the schematic bonding and packaging is displayed in figure 2

The work was supported by Italian National Research Council under the program: "ateriali e

Dispoaltivi per l'Elettronica a Stato Solido".
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that shows how the large number of mall cell. accurate two-dimensional program. The results
requires the use of a planar LSI technology. are reported in figure 3 where, for fixed

In the following sections the design of the epilayer doping (Napi - 1*1013) and channel
device will be described showing how the width (a - 2 m), the sustaining voltage is
geometry of the elimntary call and the doping plotted as a function of the channel length

H for various values of the epilayer thickness.
It in interesting to note that the blocking
voltage increases with the increase of the
channel length and it is limited by the

2000 is

1600 :w-gp

>1400 O EAKOOWN
LIMITS

0 1200

FIGURE 2 ta-0 1000
Picture of a 1600 V 5 A B on wafer.

0 Bo

of the epilayer can be determined in order to
satisfy the voltage requirements. The role of o 600 - -
the carrier transport parameters In defining

the on characteristics will also be 400_//! =s am

investigated. Then the switching behavior will
be presented and compared with a BJT of 200

similar ratings. 0
0 6 7 8 9 10

2. STATIC BEUAVIOR CHANNEL LENGTH [pm]
2.1 The off-state FIGURE 3
In the off state, the potential barrier, Blocking Voltage of UNFIT as a function of

present along the channel between the gate channel length for various epilayer thicknesses.
diffusion, prevents the flow of the current in
the source-gate circuit. If the doping of the breakdown of the gate-drain junction. Hence,
epilayer is sufficiently low and the geometry once the epilayer thickness has been selected

of the elementary cell is well dimensioned, for the maximum voltage to be sustained, the
the simple built in potential if PR gate length L of the channel is chosen in the flat

junction is enough to obtain a baa .,ir higher zone of the curve as close as possible to its
then -0.3 V, needed to originate a drain edge in order to get free from the larger
current less than 10 Pa [4]. sensitivity introduced by the channel length.

As shown in figure 1, becaus of the By using a complete two-dimensional simulation,
cylindrical shape of the gate diffusion, the a final check of the design was made. Its
width of the channel results variable along results are not reported for brevity but they
the vertical direction thus generating a show that the potential distribution has a
strongly two-dimensional potential peak higter than -.3 V up to a drain voltage
distribution. The design of the channel of 1600 V.
geoetry has been carried out by using a two-
dimensional analytical model 13,41, in which 2.2 On state
the gates are considered squared and a The current amplification of the BNFET is a
corrective factor has been used to determine consequence of two different phenomena: the
the effective length of the channel. The use modulation of the potential barrier into the
of this model simplifies the design of the channel and the conductivity modulation effect
device and is sufficiently accurate for design into the epilayer, both due to the forward

Spurposes without the need of a large biasing of the gate. Modulation of the
calculation times required by a numerical potential barrier takes place in the range of
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low gate bias and low drain currents and recombination velocity, SG, as a function of
results in a current gain which increases with the Sate doping for an epilayer doping of
the gate current. Conductivity modulation 1013, has been determined and reported in
effect takes place in the range of high figure 4. The plot shows a minims for SG
currents, thus determining the maxim
operating current of the device. This effect

is related to the injection of minority
carriers from the gate region and to the 4
correspondent accumulation at the 1W source
transition. As a consequence, a plasma region
is originated in the epilayer below gate and

source. The following equation (51, expresses
the current gain hys in the range of high 5'
current densities:

4qDnAD, .

hFS = (1) W0 I ArE OO1NG ca eap)

(As.S/N + A.SG/lD ) ID w
2  

FIGURE 4
Electron recombination velocity in the gate as

where: Dn  is the diffusion constant of the a function of the gate doping.
electrons in the epilayer, w is the epilayer
thickness, ID is the drain current, AD is the at a gate doping of 6,1018. Koreover the
drain area, AS  (A() are the source (gate) curve is quite flat near the minimum thus a
areas, SS  (SG) are the recombination very small sensitivity has to be expected due
velocities of the source (gate) layer, to the gate doping on the hs.

Vi defined, according to (61, as:

3. Switching behavior
DpsND  AVS  WS  The BHFET has the possibility to assist the

RS Rxp(-) Coth( -) (2a) turn off with the extraction of minority
LpsNDS VT Lps carrier from the gate junction, by reverse

biasing the gate terminal. As a consequence
DngND 6VG WG the SFIT is much faster than the HOS-gated

S. Exp(- ) Coth( -) (2b) bipolar devices in which the reduction of the
LngNAG VT Lng minority carrier stored in the epilayer is

left only to the internal recombination.
where: WS (WG) is the source (gate) thickness, Ks compared to the LJT, the IMPET is faster
Dps (Dng) are the source (gate) diffusion as shown in figure 5 where the a plot of the
coefficient, Lps (ing) are the source (gate)

diffusion length, ftS (NAG) is the source
(gate) doping, AVS (AVG) account for the

effects of band gap narrowing due to the high SIT

doping of the source (sate) layers.

These expressions for SS and SG have been

obtained for the case of high injection, then

the contribution due to the space charge ic

region 171 has been neglected.

Observing the equation (1), it is important IMFET

to note that hys is inversely proportional to

SS and SC. Moreover, the effect of the source
recombination is much smaller than that of the

gate recombination because the source area is

smaller than the gate area in order to satisfy 0 .... 4 5
the design requests for the off state. As a ORAIN CUMENT [A]

consequence, the doping parameters of the gate FIGUR 5

region can be determined in order to optimize Fall time for switching on inductive load of
the current gain of the device. by using BNF1T compared with BJT, as a function of the
equation (2b), a plot of the gate output current.
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fall time is reported as a function of the one half of the maximum voltage, the BHFET
drain current The figure refers to the fall sustains the maximum voltage up to the maximum
tism observed during switching on inductive current. The reason of such a behavior is
load for both a BJT and a BNET with same that, for the BMlET, the gates are disposed
characteristics. In the whole range of drain laterally to the conduction channel, so there
current the BNFIT exhibits a fall time one is not the feedback effect which limits the
order of magnitude lower than that of the BJT maximum voltage of the LIT. On the other hand
with a minimum value of 30 ns observed at the no emitter crowding effects take place and
maximum drain current, consequently second breakdown, due to the

The reasons are related to the fact that, nonuniformity of the current, is not observed.
when turned off, the BMFET ends in a situation
in which the current flow is controlled by a 4. Conclusion
potential barrier in the channel. That means The paper has explained how the design of a
that after an initial bipolar transient, BMFET with prescribed on and off

during which the excess of minority carriers characteristics can be performed on the basis
is swept out through the gate, a second phase of simple but accurate analytical models.

takes place which is essentially unipolar and Moreover it has been demonstrated that a BHFET
controlled by gate-emitter and the gate-drain with sustaining Voltage up to 1600 V can be
capacitances. During this latter part of the realized and the full voltage can be sustained

transient, the switching of the BMFET is without reverse biasing of the gate. The
similar to that of a MOS device and hence very devices fabricated fit very well with the

fast. The incidence of this latter portion is theoretical predictions with regard to both
dependent on the load, in particular for the off and on performances.
switching on inductive load, in which the Moreover the switching characteristics of
drain current is initially constant and the the fabricated devices are reported, showing
voltage varies slowly, the bipolar transient that because of the structure of the device

ends before the fall-off of the current that the WET is substantially faster than the BJT
consequently goes down during the unipolar and the fall time is comparable with that of
transient thus being very fast. Moreover also power MOSFET.
the bipolar transient of the WMFET is faster Finally, the paper shows that the BMFET
than the BJT because of the absence of any exhibits a full reverse Safe Operating Area
distributed base resistance that limits the allowing the sustaining of the maximum voltage

extraction of minority carriers in BIT. up to the maximum current.
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C1. 1.3

MODELLING BIPOLAR TRANSISTOR SZOND MREAKDO)N DURING TURM-Oil 91 SOLUTION O
THE FUNDAW4NTAL DEVICE EQUATIONS

S.A. HIGGINS, M.K. JOHNSON, P.A. GOUGH, J.A.G. SLATTER

Philips Research Laboratories, Redhill, Surrey, U.K.

Numerical simulations have been made of the turn-off of two-dimensional power bipolar
transistor structures, under inductive loading, by alternate solution of the fundamental
device equations and the circuit equations at each time step. The results have shown that
current spreading reduces the magnitude of the electric field in the collector produced by
the space charge of mobile electrons, so leading to improved reverse bias second breakdown
performance. Removal of the central portion of the emitter effectively increases the
current spreading and gives a further reduction in the space charge induced field.

During the turn-off of a power bipolar

transistor, under inductive loading, high EnMttee saw.

current densities occur in the transistor as k
conduction is squeezed towards the centre of

the emitter. The large current densities can

cause a space charge of electrons to appear in 
n

the lightly doped collector (assuming an n-p-n

transistor) where a high electric field and re

avalanche generation of carriers can result,

leading to second breakdown [1-2]. This effect coftCtor

limits the Reverse Bias Safe Operating Area

(RSSOAR) of the transistors and has proved FIG. 1. Cross section of modelled transistor

difficult to model accurately In the past by

effectively one-dimensional methods. To model

current squeezing, the two-dimensional, time

dependent distribution of carriers and

potential in the device must, as a minimum,

be considered. 2mH

We have modelled the turn-off of a typical

power switching bipolar transistor under

inductive loading, taking into account

two-dimensional effects. A cross section

of the device normal to the emitter finger

diffusion pattern is shown in figure (1) and i ompfomnsfor O<t-c 20Ons

the circuit is shown in figure (2). 0 v for t >20Ons

FIG. 2. Inductive switching circuit
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if

We have modelled this two-dimensional
20

transistor V l cm in length) assuming, by

symmetry and uniform conduction over the
15

fingers, that this represents the whole

transistor. The internal distributions of

carriers and potential are found by solving

the two-dimensional, time dependent, transport 03

and continuity equations for electrons and

holes, and Poilson's equation, on a rectangular Go-
.oW0 10 30

mesh, by Newton's method. Alternate solutions Tine (MeC

of these equations and the collector circuit FIG. 3(b). Collector current during switch-off

equation leads to collector current and voltage

values which at each time step satisfy the

collector circuit equation. Time integration

accuracy is checked by comparing the results

from a time step with that from two tie steps am

of half the size; if the accuracy criterion is

not met the solution is recalculated with a 1 0

reduced time step [3).

In the simulations the transistor was

turned-off by reducing the base-emitter voltage 0 -

from its on-state value of 1 volt to 0 volts, raw("c

in a linear rasp, over a time period of 200ns. FIG. 3(c) Collector voltage during switch-off

The computed base current, collector current,

and collector voltage are shown in figure (3), The variation of the current distribution,

where it can be seen that it has been possible during the switch-off process is illustrated in

to model the device at collector voltages figure (4). The last graph in the sequence

greater than 1kV, with dV/dt values of shows the final extent of the current crowding

-10kV/us, during turn-off, towards the centre of the emitter and the

spreading out of the current as it passes

20 across the collector. The final distribution

of the electron density and electric field, at
to

t-2.8 us, Vce-1070 Volts, is givan in figure(5)

-360
-20

-10

FIG. 3(s). aes* Current during Switch-off
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field under the centre of the mitter, caused

by the space charge of electrons, does not 20.0
reach a value which will cause a significant

multiplication of carriers, even at Vce-lkV.

We have also modelled a two-dimensional E 10.O
structure w~hich differs from the previous >

structure in that the central half of the

emitter diffusion has been masked out, and 0

which we shall refer to as a hollow emitter

structure. Starting from the same on-state 0 .r

conditions, we have turned this device off

with the same base drive. Figure (6) shows the

current spreading and figure (7) illustrates

the electric field distribution at t-2.27 us, FIG. 7. Electric field in hollow emitter
Vce-650V. We find that the effective offset of structures at t-2.27 us, Ic-1.8A,

the emitter produces a greater current Vce-650V

spreadirg compared with the structure discussed
In figure (8), we show the peak electric

previously, the effect of which is to reduce
field in the space charge region at a giventhe space charge and the peak field in the collector voltage for both the solid emitter

lightly doped collector for a given collector
voltage. structure discussed previously and the hollow

emitter structure. These results suggest that

Y n 0) bipolar transistors with hollow emitters will
00 Emitter Base have superior reverse bias second breakdown
0 performance.

.3

- &!asoncuin h lualn nto

t t Is a

-J 00

0Col lector 0.0 200.0 40D.00 800. xM0

dlenasio8 of theecior trit or M

FIG. 6. Current spreading in hollow emitter F I Comparison of solid and hollow emitter
structure at t-2.27 us5, Ic-l.SA, Structures
Vce=65OV

Iiu conclusion, the simulations in two-
dimensions of these bipolar transistor

structures show that they have good second

breakdown properties during turn-off and that

there are advantages to be gained from changing

the emitter structure.
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1P.3. - INVITED PAPER

PROCESSING AND CHARACTERIZATION OF ULTRA-SMALL SILICON DEVICES

G. A. Sai-Halasz

IBM, T. J. Watson Research Center, Yorktown Heights, N.Y. 10598

Processing, design, and characterization issues are discussed for advanced field-effect (FET) and
bipolar transistors. Results are presented from work on N-channel FET's with gate lengths below
0. lgm, and on the role that polysilicon emitter contacts play in high current, high speed bipolar
devices. For FET's over 750mS/mm transconductance was achieved at liquid nitrogen
temperature operation. In the case of bipolar devices it was found that maximizing the gain
enhancement derived from the polycrystalline/single-crystal interface without regard to resistive
effects does not lead to the highest performance in submicron transistors. Based on previous
experience and on our recent work, we believe that silicon technology faces no insurmountable
obstacles as it progresses into the deeply submicron regime.

1. INTRODUCTION contacts, an unanticipated problem that arose as a

Silicon bipolar and field effect transistors, FET's, can consequence of decreasing dimensions. Finally, we'll briefly

look back to an extremely successful three decades. By now, comment on a few selected topics.

if we judge by the expended research and development

efforts, silicon technology must be one of the most mature 2. SMALL FET's

ones in existence. Because of this it is often assumed that 2.1. Work in the submicron environment

it ran its course, and efforts in the direction of performance Those who enter the world of deeply submicron FET

or density improvements give ever diminishing returns. In devices have mainiy bad news to contend with. Classical

reality silicon technology marches forward in a relentless FET scaling [1] runs into a variety of nonscaling parameters

fashion. Minimum dimensions, typically characterized by and associated detrimental effects. Among others, these

gate length in FET's and base width in bipolars, are include mobility degradation, [21 inversion-layer

continually shrinking. Although the rapid device broadening, [3] tunneling through the gate insulator, and in

performance improvements of the 1960's slowed general the onset of velocity saturation. But there may be

significantly by the 1970's, integration levels and system advantageous effects awaiting as well. Such are the

performance continue to improve. Still, questions are being possibility of velocity overshoot in very short devices, [4]

raised regarding the limits of continually scaling down and the weakening of those detrimental effects that are

dimensions. In this paper we concentrate on specific design, associated with an energy threshold. In this latter class

processing and characterization issues encountered as a belong avalanche breakdown and hot carrier injection into

result of shrinking dimensions. For FET's we do this in the insulators. Apart from novel effects, the worth of shrinking

light of a recent effort in our laboratory to investigate the dimensions hinges on such practical difficulties as linewidth

feasibility of a self-aligned FET technology in the 0.1sam and alignment control, thin insulator reliability, shallow

gate length regime. In the case of bipolars we concentrate junction fabrication, the limitations of contact and

on the specific issue of resistance due to polysilicon emitter spreading resistivities, and many others. Although
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theoretical treatments abound on the perceived limits of Si were directed toward NMOS. The lowest threshold

FET technology, relatively little experimental work has been regarded to be practical even at LN2 temperature was

performed below the O.5an regime. It is this area that our ISOmV, the same as proposed for a 0.25pm LN,

work [51 was concentrated upon. temperature design.16j This design path leads to a 0.6V

The general aims of our work were, (1) to study scaling power supply. The optimum choice for substrate bias would

parameters down to the 0. 1pm level, (2) to fabricate a test be as large as possible while still avoiding significant leakage

vehicle in as conventional a manner as possible, that then currents. A 0.6V forward bias on the substrate, the same as

can serve as a starting and reference point for radical the drain voltage, is a reasonable compromise, and saves an

departures in processes and/or device concepts, (3) to see additional power supply. Because of freezeout at LN2

what transconductance and switching times are attainable temperature makes the design of depletion mode devices

in such a technology, and (4) to investigate what, if any, difficult, and because of the attractiveness of eventually

novel effects are observed at these dimensions. developing CMOS, no attempt has been made to fabricate

2.2. Design and test structure description depletion-mode devices. Instead, enhancement-mode loads

The junction potential of silicon sets a lower limit on with a separate gate voltage supply were utilized. For

operating voltages independently of device dimensions. circuits operating in the velocity saturation regime the

Consequently, one might be forced to work at higher voltage optimal value for the ratio of the widths of active and load

levels than dictated by ideal scaling. This is most detrimental devices was found to be 4:1.

once electric fields reach levels where velocity saturation Seven different chips were assembled with a variety of

dominates device behavior. In such an environment, raising test structures. Three of the chips contained inverter chains.

operating voltage level leads only to increased power The other four chips served to house various parametric test

consumption without an accompaning increase in sites, like capacitors, very large devices, linewidth,

performance. Thus one must strive for operating at the alignment and bias monitors, contact and sheet-resistivity

lowest possible voltage level. These considerations naturally measurement sites. Simple circuits were also built to

lead to liquid nitrogen (LN2) temperature FET operation, measure the actual capacitance of the small gates during

At LN2 temperature the main obstacles to lowering the device operation, to observe gate leakage, and to measure

threshold, namely subthreshold conduction and threshold intrinsic transconductance and device noise. Many of these

shift due to temperature change, are drastically reduced. test structures were used earlier in our laboratory in their

There are other advantages to LN2 temperature FET larger versions. [71 On most chips the test sites have been

operation as well: improved performance, mainly arising repeated several times to give versions with different gate

from lower line resistances and better punch through lengths at the design level. The actual fabricated gate

behavior. Also at 770 K one can forward bias the substrate. lengths on the chips ranged from a maximum 0.25pm down

This bias counteracts the junction potential which otherwise to a minimum of 0.07pm. The number of sites were limited

prevents the scaling down of the depletion regions around by the output pads that could be conveniently located

the junctions. [6) In our view, although there are no around the high resolution field. To convey some of the

fundamental obstacles to a room temperature 0.1)m gate complexity of these nominally 0.1 pm test chips, Fig. I shows

length FET design and operation, considering the difficulties the picture of one of them. In such pictures almost the only

in processing, to make the performance worthwhile of the visible thing is the metallization. To observe the finer

fabrication effort one has to go to reduced temperature features we had to remove the covering layers to expose the

operation. gate level. Figure 2 shows an SEM micrograph of 0.071Am

Although ultimately one Is aiming at CMOS, as a first long gates in an inverter following such stripping.

feasibility study at the 0. 1pm gate length level our efforts

72

LJ



FIGURE I FIGURE 2
Picture of a chip containing inverter chains and support SEM micrograph of an inverter after stripping the metal and
circuits. The high resolution area is O.25x0.25MM2. conformal oxide. Diffusion and field regions, marks due to

contact holes, and nitride sidewalls are visible together with

The schematic cross section of a nominal device is shown in 0.7Llogats

Fig. 3. where full vertical scaling would have called for a 2 to 2.5n

2.3. Processing thickness. Considering that we were making a first attempt
Our NMOS process called for five lithographic levels, and were facing many unknowns, we increased the oxide

including the one for alignment marks. They were all done thickness to 4.5nm on most wafers for reliability reasons.

by direct write electron-beam. The electron-beam system (Tunneling would have allowed the use of thinner insulator

had the capability to produce a few tens of rn features on because our voltage levels were

the wafer, with an overall overlay accuracy of 5n in a

FIGUR 1. IUR Ji

P.25xo.25fa field. [8) In some cases the overlay turned

out to be as good as l0nm.

Processing at these dimensions leads to unavoidable

difficulties. Consequently, whenever it was possible, Pogy

established process steps were used with added modification 

if needed. In this spirit a conventional semi-recessed oxidehave c

isolation was used. However, this type of isolation allowedmaking i

only O.25 pround rules for the diffusion level. Vertical

scaling and doping levels were attempted to be fully FIGURE 3
consstet wth 0.1m gte engh. his as nlyrelxed Schematic cross section of the NMOS device. Long dashed

consistet witea m gaet lenth. Th is wastronlelaxyed Tline indicates junction edges, short dashed line shows the

for the gate oxide, peak of the boron implant.

Ieweih noel eaacrco50 i 3



scaled down.) As mentioned earlier, the actual gate lengths patterned using a double layer PMMA resist. After metal

spanned a considerable range on each chip. The doping lift off, the polysilicon was reactive ion etched.

levels were chosen to be consistent with the design for the 8. Grew 7.5nm oxide on polysilicon at 850°C in dry oxygen

0.1pm gate length devices, i.e. giving the threshold, with HCl.

substrate sensitivity, punchthrough control correctly for this 9. Implanted source/drain extensions, [71 which serve the

gate length. On each wafer the seven chips were reproduced purpose of reducing short channel effects. In different splits

three times, giving a total of 21 per wafer. Because of the arsenic and antimony [9] were utilized as dopant species.

uncertainties as to which process detail will lead to optimal Doses were in the few times 1 0 14 /cm 2 range, with energy

devices, many process variations were used. The main down to 10keV. Multiple-energy implants were used in

process steps, with the reasons behind them and the some cases to achieve a more "boxlike" profile. The profile

significant experimental variations were the following: at the junction edge is related to device performance. [7,9]

1. The wafers, 211cm p-type, received a backside boron The source and drain junction must be as abrupt as possible,

implant to provide for good contact even at LN 2  since the main resistance component leading to

temperature. transconductance degradation arises in the region where the

2. Patterned, and fabricated by liftoff TaSi2 alignment source/drain dopant concentration gradually drops toward

marks. This material has sufficiently coarse grain also to the channel. The choice of antimony for source/drain

provide focusing targets. The alignment marks had extension is dictated by the fact it is more suitable for

minimum dimensions of 0.251nm. Four marks were provided achieving abrupt junctions. [9

in each corner of the 250pm chip field so that if any marks 10. Deposited 100nm nitride for sidewall spacer, and

were damaged three spare ones were still available. Marks reactive ion etched the nitride.

in the corners of the chip field could be scanned 11. Implanted arsenic source/drain. Doses were 2 to

simultaneously, to adjust the offset, field size, rotation, and 5x10 1 5 
/cm

2, at 20keV.

orthogonality of the exposure field. 12. Activated source/drain. Furnace thermal budgets

3. Grew l0nm pad oxide and deposited 100nm nitride. ranged from 900*C, 30 minutes to 850°C, 20 minutes.

Patterned the diffusion regions and removed the Some wafers received rapid thermal anneals of 1050 and

nitride-oxide stack from field regions. Implanted boron for 11000C for 10". The final depth was estimated to be

isolation. Grew 160nm dry, semi-recessed field oxide at ~50nm for the source/drain extensions and 100nm for the

9500 C. "deep" junctions.

4. Stripped nitride-oxide stack from diffusion regions. 13. Self-aligned metallization formed on gate and

Implanted boron for threshold control. Doses ranged from source/drain for most wafers.

2.5 to 5.5x1012 /cm 2 . Two implant energies, 15 and 30keV, 14. Deposited 100nm low-temperature conformable oxide

were used to provide a reasonable trade-off between process overlay.

sensitivity, short-channel effects, and performance. The IS. Patterned contact hole level, and reactive ion etched

aim was that for a given thermal budget the surface B contact opening.

concentration be as low as possible, while peaking the 16. Patterned metal level via lift-off of 300nm Ti/Al, and

dopant below the surface for punchthrough control. annealed in partial hydrogen ambient.

5. Grew thermal SiO 2 gate insulator ranging in thickness 2.4. Characterization

from 3.3nm to 4.5nm, at 800 0 C in dry oxygen with HCI. Of the tested wafers ~80% of the structures were

6. Deposited 100nm thick undoped polysilicon for gate. operational. This percentage includes some sites that

7. Patterned gate level, and lifted off a metal etch mask. The depended on the operation of many devices,

most critical step in terms of resolution was this one. it was
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_ _ __00__ Notwithstanding this fact, the devices have exceptional

- (transconductances. In the saturation regime at 77°K the

S.o.lpm gate length device has a small signal

300 transconductance, g, , of 760mS/mm. For estimating

200 ------------- performance in dense circuits the large signal
100'.. -- .------ ....- transconductance, G, (current at the design values of Vd

) ~ ~ ~ ~ ~ ~ ~ ~ V 10 ,----.__,.,_0.6V divided by the designed 0.6V maximum gate

20 - drive) is the more relevant parameter. [10] This is

00 M440mS/mm for the same device. To our knowledge 111,12)

400 "L-O. 1m -both of these transconductance values are the highest

measured to date for Si FET's. They compare quite300----- -
favorably with competing high-performance technologies.

If we take current output for the same gate drive as

100 .---- ----------- measure of device quality, the LN 2 temperature operation

-resulted in approximately 50% improvement for the

0.0 0.2 0.4 0.6 0.8 1.0 0.161Lm gate-length device and -40% for the 0.lgsm one.
(Note that the room temperature thresholds are 100mV

DRAIN VOLTAGE (V) below the LN 2 ones.) Two things are somewhat surprising

about the LN 2 versus room temperature device operation.

FIGURE 4 First, the improvement due to low temperature is more than

Characteristics of 0. 161&m gate length (a), and 0. 1#m gate expected. This would point in the direction of some
length (b) devices from the same wafer. Solid lines are for
LN, and dashed lines for room-temperature operation. Gate overshoot phenomena. On the other hand, and this the
voltage increments are in 0.IV steps up to 0.8V. Substrate second puzzling aspect because it contradicts the conclusion
bias is OV at room and 0.6V at LN2 temperature. The LN,
thresholds are -0.IV above the room temperature ones. of the first, the shorter devices improve proportionately less

Gate oxide is 4.5nm thick. The wafer received a channel then the longer ones upon cooling, arguing against velocity

implant recessed from the interface, and has antimony
source/drain extensions. At 77°K the 0.1pm gate length overshoot.

device has a g. of 760mS/mm and a G. of 440mS/m. Overall device features were nearly, but not exactly, like

those predicted by earlier drift/diffusion finite-element,

such as inverter chains with on-chip output amplifiers. FIELDAY [131, modeling on which the design was based.

4 Considering that at present many of the utilized process This is illustrated in Fig. 5, where the comparison is shown

steps were of an experimental nature, this is quite of the 0.1pm gate length device of Fig. 4 with the FIELDAY

satisfactory yield. simulation that was done at an earlier time, when the project

The first point of importance is basic device behavior, was still in the device design stage. In the simulation the

Figure 4 shows the drain characteristics of two devices from mobility is too high, giving too much current at low drain
", the same wafer, with different gate lengths, at both room

tvoltages. It is not difficult to match exactly the experimental

and LN 2 temperature. One can see that the device curves with FIELDAY for any of the gate lengths, with a

characteristics in the scaled down voltage regime appears reasonable choice of parameters. However the same set of

almost "long-channel like", in that the output conductance parameters does not match all the devices with different gate

is low. However, the equal spacings of the saturated currents lengths. The situation becomes much more complicated if

with equal gate voltage steps is the main feature of the we look at wafer to wafer variation in device characteristics.

devices, indicating strong velocity saturation.'
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FIGURE 6

LN 2 characteristics of 0.07jum and 0.l1Mm gate length

FIGURE 5 devices from a wafer processed with different splits from the

Comparison of experiment (solid lines) and simulation devices of Fig. 4. Gate voltage increments are in 0.IV steps
(dashed lines and symbols) for 0.1MAm a gate length device up to 1.OV. Substrate bias is 0.6V. Gate oxide is 4.Snm
at low temperature. Gate and substrate biases as on Fig. 4. thick. These devices show higher output conductance and

The simulation is from a drift-diffusion finite element more resistive effects than the ones in Fig. 3. The figure
model. (FIELDAY) It was performed prior to device illustrates the importance of the processing details on device

fabrication and served as the basis for the device design. performance. The 0.07MLm gate length device has a g. of
The mobility assumed in the model was too high. 640mS/mm, higher than the 0.1Mtm device from the same

wafer, but lower than the 0. irn device on Fig. 3., in spite
of the longer gate of the latter.

They are extremely sensitive to the details of processing.

No such thing was even remotely found as a "generic" Analysis of data for small drain voltages combined with

0. 1Mm gate length device behavior. This is evident by data from large, lO0Im channel-length devices gave the

comparing device characteristics shown in Fig. 6 with those following typical parameters at LN, temperature. Field
of Fig. 4. Figure 6 shows LN 2 temperature device behavior effect mobility was approximately 1500cm2/Vsec at

from another wafer having gate lengths down to 0.07Mm, turn-on, but deteriorated ~30% by the time the gate voltage

made with somewhat different process conditions. While reached I V over threshold. Source and drain resistance for

these too are excellent devices, the 0.07p1m one having a g, the best wafers was below 1300MLm per side. Here too, the

of 64OmS/tnm, they show more resistance and an overall precise situation for the smallest devices is not quite clear.

lower current output for a given gate drive. When the Figure 7 shows a comparison in behavior of a 100Mm and a

intrinsic transconductances are estimated for the devices O.1 im long device from the same wafer. The figure shows

shown in the two figures, the 0. 1im gate length one of Fig. the current normalized for one square of the devices (width

4 still comes out ahead of the 0.07pan one of the other wafer, equals length) for low drain voltages as function of gate

in spite of its longer channel length. It was found that high drive. In principle, the behavior should be independent of

transconductances were associated with low channel doping gate length. This was clearly not the case, the small device

at the oxide interface, and with antimony source/drain fared poorly in the comparison. The main reason was

extensions. So far because the strong process dependence source/drain resistance. However, more detailed analysis

of device performance hinders precise modeling, it is not showed that source/drain resistance is not the complete

clear to us whether velocity overshoot 1121 manifests itself picture. The short device had lower mobility than the long

either at room or LN2 temperature. A more thorough one as well. In spite of the appearance given on Fig. 7, the

investigation is presently in progrm. source/drain resistance and mobility of the
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FET's, but ultimately it is associated with similar issues:
80 thinning the base, decreasing horizontal dimensions, and

-LARGE DEVICE
)2re.or.-. ljR DVICE adjusting doping levels. In processing, possibly the most160 0.1/ m EVC

critical issues are the controllable reduction of base width

Wi and the shallowness of the emitter junction. As an example

Zof processing and characterization issue arising with scalingQ
."20 down dimensions we'll discuss the question of polysilicon

+a - - -emitter contacts and their influence on performance. (151

00-- - 3.2. Polysilicon emitter contact
0.2 0.4 0.6 Reducing the base-emitter junction in conventional
GATE DRIVE (v)

metal-contacted transistors causes the base current to be

unacceptably high and very sensitive to the contact

properties. Polysilicon emitter contacts significantly
FIGURE 7

Low temperature, low drain bias characteristics normalized improve bipolar device performance, because they produce

to one square (length-width), derived from a 100pm and a a highly abrupt, shallow base-emitter profile without a

0.pm gate length device. Drain biases are 50, 100, and reduction in current gain since the metal contact is moved
I SOmV for both devices. The effects of source/drain
resistance and somewhat lower mobility is clearly evident in away from the junction The reduced mobility in the
the case of the small device. polysilicon [16] and the presence of an interfacial tunneling

barrier [17] at the polycrystalline-Si/singe-crystal-Si

1'* small device was well within tolerable limits. According to (poly/single) interface result in a reduced base current
circuit simulations the parasitic contributions to the overall density by a factor of 3 or more. The poly/single interface,

performance degradation were not too significant when they however, not only acts as a barrier to hole transport (base

were compared to the intrinsic degradation inherent in current), but also increases the resistance for electrons
velocity saturation, which dominated at higher drain (emitter current). [18] Since the largest current density in

voltages. The use of LN2 temperature assured that the device passes through the emitter contact, the specific

subthreshold current was ideal down to the 0. 1cntm level on
contact resistivity must be kept as low as possible to prevent

almost all wafers, in spite of the shallow junctions and the~a degradation in transconductance. The performance loss
forward substrate bias. It changed a decade for each 27mV due to contact resistivity only shows up in small devices at

of gate voltage change, high current densities. 1191 Unfortunately these are exactly
) : 2.5. Conclusions2the conditions under which high performance logic circuits

Although a full performane evaluation is not yet operate. It is of significant importance to tie in electrical

complete, we are quite confident that with proper design, behavior with the nature of the poly/single interface. It is

9. and with processing along established avenues, an FET known that the interface structure changes significantly as

technology at, or even below, the 0. 1pm gate length level a result of high temperature annealing and that these

appears feasible, and performance improvements will changes are enhanced at high doping levels.

accompany the shrinking of dimensions into this regime. 3.3. Device fabrication

In order to determine the potential performance

3.BIPOLAR DEVICES trade-off between base current and emitter resistance we

3. 1. Scaling issues compared the structural and electrical aspects of advanced

Bipolar transistors are evolving at a rapid pace as well. technology bipolar transistors which differed only in the

Their scaling [141 is a les straightforward case than that of

77



I7

FIGURE 8
Schematic cross-section of double-poly self-aligned bipolar
transistor, with the emitter resistance indicated.

annealing treatment of the polysilicon emitter contact. The

devices used in our experiment were self-aligned FIGURE 9

double-polysilicon bipolar transistors. whose schematic Cross-sectional TEM picture of an actual bipolar emitter's
poly/single interface. The lattice fringes are continuous

cross-section is shown in Fig. 8. The whole process through the interface, indicating practically complete

description can be found in [15], here we are only detailing realignment of the poly.

those aspects that had a direct bearing on the poly/single

contact interface. The emitter opening was etched using a devices. For large devices the bass current was lower by a

selective chemical etch, so as to prevent surface factor of two for the 8000C annealed ones. But, the I-V

contamination that can occur in reactive ion etching curves taken on small devices also indicated that their series

procedures. In-situ, As-doped polysilicon was deposited at resistance was substantially higher than of the devices given

650 0C using N2 as the carrier gas. The emitter surface was the 900 *C anneal. By a recently developed technique (191

given a buffered HF clean immediately prior to this it was determined that this was indeed due to emitter and

deposition to inimize any residual native oxide on the not to base resistance. This resistance did not cause

surface. Two different emitter anneals were used: either significant harm to the base transit times, extrapolated from

900 OC for 10 rain. or 800 C for 45 rain. The second F measurements, which are characteristic of low level
900rent fore10iom .hori800 [20]forw45rmm.heThemsecond

anneal condition was designed to result in approximately the current injection behavior. [20] However, when impact on

same integrated base doping, while minimizing the switching performance was addressed in ECL and NTL

base-emitter junction depth. Metallization consisted of a ring-oscillators, the problems with the higher emitter

Ti/Al/Si sandwich, which was annealed in a manner known resistance became obvious. At low power in the NTL

to give -.xtremely low contact resistance between the metal circuits the smaller extrinsic base-collector capacitance

and polyilcon. (shallower junction) for the 800 *C annealed transistors

3.4. Elect , ,haractenLation allowed faster operation, 230ps delay vs 300ps. But at

Extei' " and AC characterizations were done of current levels typical of real circuit operations the delay

both largtp, ovec t0m2, and small, ~10pm2, emitter area times reversed, 135ps vs 165ps in favor of the 900*C
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annealed ones, due to their lower emitter resistance. Similar is the quest to achieve good quality shallow junctioM. We

results were obtained for ECL circuits. believe that much is to be gained in this field if one stays at

3.5. Structural characterization very low, 550 to 800-C, temperatures and uses the property

Clearly the interface between the poly and sngle crystal of many dopants to supersaturate and become active when

silicon must contain the clue for the difference in emitter silicon regrows from its amorphous state. (9,22.23] To

resistance and the consequent performance difference. mention a less well known topic, one has to be concerned

There were many studies done on such interfaces before. with a-particle caused soft-errors for both small FET's [24]

[21] However, our case was the first where such extensive and bipolars. [25] As circuits respond ever faster, the time

electrical measurements were taken and correlated with a evolution of the initial current surge that follows a hit on one

single processing detail relating to the polysilicon interface, or more junctions is beginning to be of importance. It is

and most significantly, also correlated with cross-sectional almost universally assumed that the rise-time of such a

transmission electron microscopy (TEM) done on the very current pulse is practically instantaneous, certainly of less

same emitters that have been electrically charaeterized. The than ips duration. (261 However, we believe that this time

result from the 900*C annealed device is shown on Fig. 9 might be much longer, 10 to 3 0 ps, due to the time it takes

in high magnification. The picture shows clear realignment for the minority carriers to thermalize.

of the poly, with almost total disappearance of the original

interface. The reason for the low resistance was simply that 5. SUMMARY

for all practical purposes the interface vanished. We presented results and detailed several issues on the

3.6. Conclusions deeply-submicron world of silicon. Overall, we see nothing

The presented picture is interesting from the point of on the immediate horizon that would halt the ongoing

view that it illustrates the care that must be exercised when progress of the technology.

one characterizes small devices. Based on projections from

large devices, or even from small ones but at low current 6. ACKNOWLEDGEMENTS
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A1.2.1

Half Micromett N-NOS Technology Using X-Ray LIthography

V. Lauer, F.Bauer+ , J. Korec'" , H.-L. Huber*, P. Salk

Institute of Semiconductor Electronics
Aachen Technical University, D-5100 Aachen, FRG
* Fraunhofer-lstitut far ikrostrukturtechnik

D-1000 Berlin, 13G

MOSFETs with effective channel lengths down to 0.3 pm have been realized using x-
ray lithography. To determine process parameters for device optimization two
dimensional process and device modeling was employed. In addition, ring oscilla-
tors with different numbers of stages were fabricated to evaluate the performance
of this technology.

INTRODUCTION boundary conditions /2/ had to be considered:

Fabrication of VLSI circuits not only minimum short channel effects and maximum

requires a convenient high throughput techno- device stability. Implantation profiles were

logy but also demands processes which are optimized for inverters consisting of enhance-

capable of great accuracy. Improvements in mask mont mode transistors with Leff- 0.5 pm and

technology, stepper alignment and resist depletion mode devices with Leff- 0.9 psm. The

technique have made x-ray lithography to a tool internal electrical field, which is responsible

which is able to meet these high demands of for avalanche breakdown, carrier injection in

circuit fabrication /1/. The aim of this work the gate oxide and for the degradation of

is to demonstrate the performance of x-ray threshold and transconductance in submicron

lithography by using it for the definition of devices, was reduced by fixing the power supply

polysilicon gates in the halfmicron range. To to 3V. In this manner it was possible to avoid

swow the viability of this technique we want to specially tailored profiles like lightly doped

present results on MOSFETs and ringoscillators (LDD)/3/ or double diffused drain (DI-LDD)/4/.

obtained from an NHOS technology scaled to All lithography steps except the definition of

submicron dimensions. Devices fabricated with the gate level were carried out with a deep UV

this process showed excellent IV-characteris- contact printing system (Carl Sess, MJB 3 HP

tics and almost no short channel effects. High UV300).

speed and low power dissipation is an additio- Active device regions were defined by

nal feature of the developed technology, locally oxidizing the p-doped substrate (12-17

cm). The intordevice isolation was improved by

an additional boron implant. The threshold vol-

DEVICE MODELING AND PROCESSING tage of the enhancement mode transistors was

Process (SUPREM) and device (MINIHOS) adjusted to 0.5 V by a double boron implants-

modeling was employed to extend a lpm NROS tion (2-1012 cm "2 , 30 keV and 1*1012 cm "2 , 60
process to the submicron range. Two conflicting keV) through a sacrificial oxide of 25 nm. A

4.
+ Now with Brown Sovori Corporation, Baden, Switzerland
++ Now with AUG Forschungslabor, Frankfurt, PFR

This work has been supported by the Bundesminiterium fr Forschung und Technologie
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deep channel arsenic implant (7.2*1011 cm
2,

170 keY) vwa used for depletion load devices to

obtain symmetrical inverter characteristics and 
A

to improve long time stability. Amorphous

silicon (250 nm) was deposited in a low

pressure process on the 15 nm gate oxide grown

in dry oxygen at 1000C. Per chip six

transistors of each type with channel lengths

varying from 0.8 to 1.8 pm for depletion mode

and 0. 5 to 1.2 pm for enhancement mode devices

were structured by x-ray lithography and

reactive ion etching by means of an SF6

process. Channel width of all devices was 10

pm. For comparison an additional set of devices FIGURE 1

was prepared using *-beam direct writing for Gate region of HOSFET with Leff- 0.3prm

this step.. After the deposition of a CVD
10

passivation oxide the selfaligned arsenic C A)

source/drain implant (80 keV, 101 6 c0 "2 ) was

activated at 900C resulting 
in a junction

depth of about 0.2 ism. The Ti/Al (100/300 ha) V

metallization was structured by lift off. decade

To clarify the sensitivity of the described /div

process to deviations in the technological

parameters additional numerical simulations

were performed. These demonstrated that a

variation of channel length or oxide thickness

up to ± l0 does not perturb the inverter 1E-1 Go , , ,-. 500#2. 000

characteristics considerably. 
VG .2500/div ( V)

FIGURE 2

RESULTS Subthreshold behavior of enhancement transistor
The ability of the used technology for with Leff- 0.5 pm, W- 10pm

manufacturing device structures of (0.1 V VD4 2.6 V, Vs" 0 V)

predetermined dimensions is demonstrated in

fig.l. This figure shows the gate region of a As mentioned before, the shortest geometrical

0.5 pm enhancement mode MOSIT. Excellent channel length used in this study was 0.5 pm.

characteristics were obtained from the The corresponding IV-curves (fig.3) demonstrate

optimized devices (Lef f - 0.5 pm). Fig.2 shows that even these devices exhibit acceptable

the subthreshold current of an enhancement current voltage characteristics. Typical values

transistor with Leff - 0.5 pm and W- 10 pm for for subdiffusion of AL- 0.19 pm and an overall

different drain voltages. It may be seen that series resistance of 24 0 were determined using

the curves are essentially insensitive to this a method after Peng st al./5/. For this reason

parameter. This result indicates negligible the shortest devices had an effective channel

short channel effects. The subthreshold slope length of about 0.3 pm. Carrier mobility was

i of this device is 80 mV/decade. measured with an approach proposed by Hao et

-iti 84liainBl I..



10

6. am, [Al

/dl 0"

04-S

00
DOMs

VO .SSO/div (V) 3.500

10-7 as

FIGURE 3

ID-UD characteristic of n-channel enhancement 1_ V 10
transistor (Iff- 0.3m)
(0 V.4 VG < 5 V, VSS- 0 V)

10-9t

al./6/. Values of pD 530 cm2 /Vs for the deple- 5

tion mode (Leff- 0.9 p) and pg 425 cm2 /Vs for FIGURE
enhancement mode (Leff- 0.5 pm) transistors are

characteristic for devices in the submicron Substrate current of enhancement transistors

range /7/. The somewhat higher value for the with different channel lengths

depletion MOSFET is probably due to the buried

channel. Very similar results were obtained on

devices structured by *-beam direct writing.

Measured substrate currents for enhancement stages tend to generate higher harmonics /8/

mode MOSFETs with different channel lengths are each chip contained 4 oscillators with

plotted in fig.4. Reduction of the effective different numbers of stages (101/51/25/13). A

channel length from 1.0 to 0.3 pm results in a microphotograph of such a chip can be seen in

rapid increase of substrate current over more fig. 5. The first results measured on oscilla-

than two decades. Also the shape of the 1ss- tors which have been fabricated using x-ray

curves changes. The clearly visible maximum for lithography indicated a propagation delay time

the 'long-channel' devices at VG - VD/ 2  of 135 ps. A second set of devices was realized

virtually disappears for transistors with by means of s-beam direct writing with improved

channel length below 0.5 pm. contact hole structuring and metallizatlon. The

In order to get information about the dyna- output waveform for the 51-stage oscillator

mic potential of the described technology ring- fabricated in this manner is shown in fig.6.

oscillators were designed with 0.5 pm effective This device has a typical inverter propagation

channel length for the driver and 0.9 pm for delay time of 87 ps and a power delay product

the load transistor. Because it is well known of 17.5 fJ at a supply voltage of 3V.

that ringoscillators with a large number of
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CONCLUSIONS

Submicrometer MOSFETs with Leff ranging fromI ! 1.6 to 0.3 pm have been realized using x-ray

lithography for gate definition. Our results

clearly show the ability of this technique for

device fabrication. Excellent pattern defini-

tion and overlay accuracy are the two major

features which have to be emphasized. The

technology for the fabrication of these devices

has been optimized employing numerical simula-

tions. Short channel effects were almost com-

pletely suppressed by proper choise of the

technological parameters. In addition, oscilla-

FIGURE 5 tors fabricated using this technology exhibit

Microphotograph of ringoscillator chip very high speed and low power dissipation.

(101/51/25/13 stages)
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AI.2.2

OFFSET DIFFUSED DRAIN TRANSISTORS FOR HALF-MICRON CMOS

P. H. Woerlee, C. A. H. Juffermans, H. Lifka, F. M. Oude Lansink, H. J. H. Merks-Eppingbroek
T. Poorter and A. J. Walker

Philips Research Laboratories, P 0 box 80000
5600JA Eindhoven, The Netherlands

Half-micron n- and p-channel transistors with an offset diffused drain structure have been fabri-
cated. A high temperature process and offset implantation of the source-drain dopant was used
to obtain graded doping profiles and an optimum effective channel length. Experimental results
showed good device quality. The extrapolated lifetime for the n-channel device was 5 years at a
power supply voltage of 4.5 V. Hot carrier degradation in p-channel devices cannot be neglected
anymore.

1. INTRODUCTION were DDF a 2D process simulator, and CURRY [I] a
2D device simulator. Both programs are proprietary

Short channel effects and reliability aspects give rise software of PhilipG. The n- and p-channel devices will
to conflicting demands on the design of half-micron be discussed separately.
MOS transistors. A compromise has to be made when 2. 1 n-channel transistors
the transistors are designed for a fixed standard oper-

! sting voltage.aThe reduction of the hot carrier phenomena is the
It is the aim of this paper to investigate the feasi-biliy o a hgh empeatue bdgethal-micon MOS main problem in the design of the transistors. Lightly-

bility of a high temperature budget half-micron CMOS doped-drain (LDD) [21 or doubly-diffused-drain (DDD)
rprocess. The high temperature budget is useful for theredutio of he ot crrir dgradtio pheomea. 31 structures have been used for this purpose. A lightly

reduction of the hot carrier degradation phenomena. doped N- region is used to reduce the lateral electric
A special drain structure in which the source-drain ira- filE.FoanLDsrcuenN dssblw

field E,. For an LDD structure an N- dosis below
plantations were done after spacer formation was used 10 3 cm - " gives the strongest reduction of E.. However,
to obtain graded source-drain profiles with limited lat- such a low N- dose leads to large series resistances and
eral diffusion under the gate. In this way devices can be device degradation can even be more serious than in
designed with a strong reduction of the lateral electric conventional devices 141. Typically an N dose around
fields and with reasonable short channel effects. Device 4 x 10 1

3CM- gives optimum result.
simulations were used extensively to get insight into the To obtain a better understanding of the phenomena
processing demands and for fine tuning of the doping which lead to the reduction of E. for such a high N-
profiles. Simulations, fabrication and experimental re- dose, a series of simulations have been done. In these
suits for n- and p-channel devices will be discussed. an LDD type drain structure with a gaussian N pro-

file was used. The depth and lateral spread could be
2I. S]NIULATIONS varied independently. The N- top concentration was

5 x 10 1em - . The junction depth (0.1 to 0.4,rm) was
The transistors were designed for a CMOS process found to be of little importance for the reduction of

with N-type polycrystalline silicon gate material,a gate E.. The lateral spread of the N- doping profile is the
length of 0.51sm , a threshold voltage of 0.8 V, a gate dominating factor in the reduction of E3.
oxide thickness in the range between 10 and 13.5 nm A simple way to produce a highly graded N- pro-
and a power supply voltage of at least 3.7 V. Further- file is the use of a phosphorus N- implant followed
more the off-current at Vd. = 4V should be below i0 by a high temperature drive step. For a power supply
pA/psm. Series resistances should not degrade the cur- voltage above 3.7 V, simulations showed that a drive
rent drive capability in the saturation region by more step of 10006C for 30 minutes is needed. For small de-
than 10 percent. Simulation tools used In the study vices the lateral diffusion is too large. Hence the N-

implants should be done after spacer formation.
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Such an o&et diffused drain structure (ODD) &1-
lows the formation of highly graded junctions with op- Ids (A)
timum effective channel length. A similar drain struc- 

V--
ture has been proposed by 11oriuchi and Yamschuchl 0,// -0.1
151. Simulations of 0.6 m gate length ODD devices7 o] -4.1

showed excellent device characteristics and high cur-

rent drive capability. Furthermore the off currents are

below 1 pA/pm at V& = 4 V.

2. 2 p-channel transistors Vg. (V)
10-14 . . , . . . . .

The design of the buried channel PMOST has to -0.6 -1.2 -1.8 -2.4

be adjusted to the high temperature budget needed for

the n-channel devices. An important design parame- Fg. 2: Subthreshold characteristics of an 0.5pm gate-

ter of a buried channel device is the junction depth of length PMOST.

the compensating boron threshold implant. To reduce

drain induced barrier lowering phenomena this channel

junction depth should be between 0.06 and 0.1 pm for

our devices. This can be realised for the present pro- The devices were fabricated using direct-write elec-ourro beames lihoishy Aa rergrd reaiile fprtocpesetsrs

cess by the use of a medium energy anti punch through tron beam lithography. A retrograde n-well process

(APT) implant. The channel doping is shown in fig- using standard LOCOS field isolation was used. The

ure I for a 250 keV As + APT implant. The channel gate oxides were grown in an oxygen/nitrogen mixture

junction is very shallow even after the high tempera- (10 percent oxygen by volume), the thickness was 10
ture drive step. Furthermore the processing window is nm and 13.5 nm for two different experiments. After

reasonable surface and bulk implantations, 0.4 pm polycrystalline
silicon was deposited and doped by arsenic implanta-
tion (1Ot"m-1). After an anisotropic gate etch and a
sidewall oxidation step ,spacers of 0.1 am width were

Log conc. formed. The source-drain formation was described in

18 the previous section.

17 4. EXPERIMENTAL RESULTS

16 In figures 3 and 4 the Id, - Vd. characteristics of
an n-channel and a p-channel transistor with gate ox-
ide thickness of 10 nm and a gatelength of 0.5pm are

15 shown. The effective gatelength of the devices is

Depth (j#m) 0.3Sm. These graphs show a good saturation be-Lhaviour and a high breakdown voltage. The maximum

0.0 0.2 0.4 0.6 0.8 transconductance in the saturation region is 200 pS/pm
and 100 pS/pm for the n- and p-channel devices re-

spectively.

Fig. 1: Channel doping profle of the buried channel In the li.ear region the current drive capability is

PMOST. limited by mobility degradation and series resistances.

The source-drain P+ implantation was done after These effects remain of importance in the saturation

the 4pscer formation, therefore the final high temper- region of the p-channel devices. The maximum mobil-

ature step (925C,30 min) was used to form an offset ity in the linear region is 500 cm2/Vs and 125 cmr/Vs

paded drain. Simulations of the subthreshold charac- for the n- and the p-channel transistors respectively.

teriastis of a O.5wm device with gateoxide thickness of The series resistance for n-channel ODD's

12.5 am a shown in figure 2. The subthresold slope (N = 7.5 x 101" cm 2) was extracted using the gate

is 106 mV/d4 at Va. = -3.7 V. drive method 161. Values of 300 npm per side were
found.
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Fig. 3: 1.-Vd, characteristics of an ODD n-channel Fig. 4: l& - Vd, characteristics of a p-channel tran-
transistor. The gate length and channel width are 0.5 sistor. Gate length and channel width are 0.5 and 1.2
and 1.3j m. N- dois is 7.5 x 10 3cm-

1. Am .

1.0 vt ( -1.5 vt M

0.8 Vd.q -1.2 *d

0 .1-0.9 -0.10.6 0 0.1

0.4 o 4.1 -0.6 o -4.1

0.2 -0.3

0.2 Lgate (AM) Lgatc (Am)
0.0 0.0 . . . . . . . .

0.50 1.00 1.50 2.00 2.50 0.50 1.00 1.50 2.00 2.50

Fig. 5: Threshold voltage of n-channel devices as Fig. 6: Threshold voltage of the p-channel devices

e dThe relative change in the current as function of the

The dependence of the threshold voltage V, on chan- stress time is plotted in figure 7. Extrapolation of the! nel length at a drain bias of 0.1 and 4.1 V is shown device lifetime versus IfVi. to 5 years gave maxunum

in figures 5 and 6. Effects due to charge sharing and allowable power supply voltages of 4. V and 5 V for

drain induced barrier lowering ae relatively small for the 0.bm and 0.7m devices.

gate lengths larger than 0.4pm (n-channel) and 0.5sm

(p-channel). For these channel lengths the leakage cur-
rent at V,. = 0 V and V. = 4.1 V was below I pA/m. Aldl d

The body coefficient K of 0.6pin devices was 0.6 1i0l. Vd
Narrow width effects on V and K were found to be 0- 75
negligibly small. This is caused by the relatively high 102 • ." 7.0
channel doping levels of these small devices. 10-2 a 6.0

Finally the hot carrier degradation of the devices N N .
has been studied. The n-channel transistors with gate 10-3 -

length of 0.Spm and 0.7#m were stressed at V, above Time (sec.)

5.5 V and V5, such that substrate current is maximum. lo 1'03  OS
As a lifetime criterion, a reduction of the device current
of 10 percent at a fixed gate voltage and V&, of 0.1 V Fig. 7: Relative variation of ,& at V8, = 3V as
was taken. function of the stress time for an ODD n-channel de-

vies with L,. = 0.7pm.
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The p-channel devices show a different degradation Half-micron devices with such an ODD drain structure

behaviour. This is illustrated in figure 8 for a 0.5pm were fabricated and showed excellent device character-

device. The stress conditions were V,. = -2V and istics, good performance and low series resistance. Fur-

V, = -7V. It can be seen in this figure that a very thermore, a 5 year lifetime at 4.5 V power supply volt-

short stress time results in large changes in the sub- age has been realised for the n-channel devices. The

threshold region. The leakage current increases by p-channel devices showed strong hot carrier degrad-

several orders of magnitude. Similar behaviour has tion and need further improvement.

recently been reported by Koyanagi et a& 17), and it

has been interpreted as hot electron induced punch References
through. Negative charge injected into the gate oxide

causes a channel length shortening and this gives rise to III Polak S J, Den Heijer C, Schilders W H A and
an increase in punch through. Indeed in the larger de- Markowish P, nt. J. for Num. Meth. and Eng.

vices the effects were found to be much smaller. Thus ,vol 24, pp 763-838 (1987).

hot carrier effects are not negligible in half micron p-

channel transistors and an LDD or ODD type drain (2j Ogura S, Tsang P J, Walker W W,Critchlow D L

structure has to be used . and Shepard J F, IEEE Trans. Electron Devices
ED-37, 1359 (1980).

log Id (A) 131 Hagiwara T, Yamaguchi K and Asai S, Symp.
-3 VLSI Technol. , Oiso, Dig. Tech. Pap. 46 (1982).

141 Hsu F C and Grinolda H R, IEDM Tech. Dig. , pp
742-745 (1983).

151 Horiuchi M and Yamaguchi K, Solid St. Electron.
28, 465 (1985).

161 Terada K and Muta H, Japan. J. Appl. Phys., 18,I 953(1979).
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-1-4
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Fig. 8: Changes in the subthreshold behaviour at

various agrese times. Stress time in wonds is given in

the figure .

5. CONCLUSIONS

The reduction of the hot carrier phenomena requires

graded source-drain junction profiles when N- dosis

higher than 101Soms are used. Hence a high tempera-

ture budget has to be used when hot carrier degrada-

tion phenomena need to be reduced. Excessive lateral

diffusion under the gate can be avoided by offset im-

plantation of the source-drain dopants. In this way the

lateral electric field can be strongly reduced and an

optimum effective channel length is obtained.
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0.5 po CMOS DEVICE DESIGN AND CHARACTERIZATIONI
H. 1. Hanai M. R. Wordem, L K. Wang, Y. Tsar, J. Y. C. Son, P. H. Dennard, D. S.
Zicherman, M. D. Rodriguez

IBM Thomas J. Watson Research Center
Yorktown Heights, New York 10598
And
N. Haddad, A. Edenfeld and M. Polavarapu
IBM FSD. Manassa;, VA. U.S.A.

Abstract

The design and characterization of a high performance 0.5 #im channel CMOS is described.
The design features thin epi with retrograded n-well, an n+ polysilicon gate electrode, 12.5 nm
gate oxide, shallow source/drain diffusions, and thin self-aligned titanium sluicides. To control
channel hot electron degradation effects in the NFET device with 3.3V power supply, different
S/D junctions with graded profiles are investigated. The n-well doping profile is adjusted to
provide adequate short channel threshold control and punch-through immunity in the buried
channel PFET. In this paper, measured device characteristics will be discussed. Stage delays of
unloaded inverter ring oscillators down to 90 pS are presented. Circuit performance sensitivities
to a variety of parameters such as channel length, power supply and series resistance arc also
shown.

T- I. Introduction
tively. An n+ poly gate on 12.5 nm gate oxide and shallow
source/drain junctions are used for both FETs (Fig. 1). To

Continuous scaling of CMOS technology is needed in or- control channel hot electron degradation effects in the NFET
der to achieve the required high speed and high packing den- device, two types of source/drain junctions were fabricated:
sity for VIM. The technology described in this paperis aimed As/P doublc-diffused aad low dose (< 5E15/cm2 ) arsenic-
at improving performance through scaling down channel only junctions. The v- channel FET is built in a 0.75 0 cm
length by about 2x compared to a I om CMOS design [1]. p-type epi-layer and the p-channcl FET in a retrograded n-
However, for TrL compatibility, the power supply is scaled well with 7E16/cm3 surface concentration. A common BF 2
down by only 1.5x to 3.3V. This increases the electric field channel implant is used to adjust the n-channel and p-channel
intensity by about 1.3x in the 0.5 pm technology. To control thresholds to +0.7 and -0.7V, respectively. Symmetry of
channel hot electron degradation effects in the NFET device, thresholds about zero guarantees maximum noise immunity
S/D junctions with graded profile have to be achieved. To for logic circuits. To maintain proper threshold control in the
accomplish this, both As/P double-diffused and low dose As short buried-channel PMOS, shallow channel doping profile
only junctions are investigated and discussed in Section 4. and S/D junctions are required. A 0.2 lam p+ junction is
For process simplicity and higher hole mobility, an n+ achieved using a silicon pre-implant to amorphize the
polysilicon gate is used for both the n- and p- channel devices.
N-well doping profile is adjusted to provide adequate short
channel threshold control ad punch-through immunity in the o.,a. -IM a Al 0.1 Isp
bure channel IPFET. Device characteristics and ring
oscillato- performance data ae presented and discussed in aT m" ,
sections . and 4 respectively. "POT

2. Fabrication Process and Device Structure -U

Proces steps of the CMOS technology described in ref-
eremce 13] have bee ed to fabricate expeniental devices
aM bsdi crsits. Then- amd p- channel devices re designed I. 1. . CMOS devie c tons .
with nominal Chantel length of 0.4om and 0.5 pm respec-
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substrate and avoid channeling of th ubuent boro: ion Fi.4 h esnfrti sthLfrhg ri otg n

difflusions with a sputtered titanium filmn [61. A sheet resist- curvature is nearly independent of junction depth for very
ance of 4-5 W/O is obtained and the contact resistance con- shallow junctions (< 0.3 Pm).
tributions (between TiM2 and Si) to the device series
resistance is less than 300 2 ism [2,7] for both the n+ and V0=3.3 Vsx-o WEFF49,um
p+ source/drain regions.

3. Device Characteristics
'V 1o-3

As mentioned in Section 2, graded S/D junctions in the I
NFET device are required in this technology to control chan- :3
nel hot electron degradation effects. To accomplish this, both U

As/P double-diffused and low dose arsenic only junctions U O

were investigated. It was found that junction depths 0
shallower than 0.25 pLm are difficult to achieve using As/P I
double-diffused junctions due to an enhanced transient A~ iol0 .3w

phosphorous diffusion. The use of As/P junctions in this 0.7o

design results in NFEF punch-through at 0.45 pmn channel 26su

length (Fig. 2). For channels 1on1cr than 0.45 pmn, the NFET 0r
-t 2 3

device is adequately turned off at zero gate bias with g0 Gate Voltage
mV/decade sub-threshold slope. For the As-only junction FIG. 3. Measured subthreshold choracteristics of N-channel devices.
case, the junction depth was between 0. 15 ism and 0.2 pm. (As S/O junctions)

VD-3.3 VS1=O WEF=9AM

10-3I

* U

I LVt-0.3"'

-0.2 0 0.2 0.4 0.6 0.8

Gate Voltage Ves [V]
FIG. 2. Measured subthreshld characteriatics af N-channel devices. FIG. 4. Siuloted NFET sub-t'reshold chorocteri3dC5.

(WsP S/b junctions)

Vdd: 3.3
For such shallow junctions, zero-degree angle source-draina
implantation is used to avoid device asyfunetry due to gate -i

shadowing effects. Device punch-through is avoided in this ~ -1 #
C

case for channels logger than 0.3 PM as shown in Fig. 3. The C .
dependence of the punch-through current on junction depth
4.Ic hsfgrtem-hehl ri urn tV~an be explained using the 2D device sinulation shown in MSg. '

3.3V is plotted against the gat voltage for a 0.3 pm channel E
length device with different source/drain junction depths. -

Note that as the source/drain junction depth increases, the :i
sub-surface component of the drain current increases as wenl,
which contibutes to a higher off current. The measured short -4

cbmel threshold fall-offcharacterisicaof n-channel devices A. S 11 .: i----

With As/P and As-ony junctions is shown in Fig. S. It is in-
terest to note that for both type of juslction, thehl EFFECTIVE CHANNEL LENGTH (Urn)
fall-off is the same, L~e., independent of junction depths. This
is also apparent from the device simulation results shown in FIG. 5. WV rmesured th slel voltg faN-ott.
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Both the As/P and the low arsenic dose result in graded ins profile and S/D junctions shallow and with relatively high
S/D junction profiles which reduce the peak electric field at well doping concentration, short channel PFBT devices with
high drain biases. Hot electron reliability measurements show good characteristics are achievable. Figure g shows the
that the As gradient is such that the drain current of a 0.3 measured sub-threshold characteristics of p- channel devices.
pm channel length device degrades by less than 20% when Note that devices with 0.4 pm channel length are adequately
DC stressed with 3.7 volts power supply for 10 years as turned off at zero gate bias and possess sub-thresold slopes
compared to a 3.9 volts power supply for the As/P case (Fig. of 95 mV/decade.
6). The NFET device series resistance (source and drain)
measured using a channel length extraction technique [5] with V=-3.3 VNw-0 W =99M
small gate-bias is about 1250 Q pm for the AsI/P cas and 800
0 pm for the As case. This allows a high saturation
t'ansconductance of 140 mS/mm for a nominal 0.4 pam .,.-

channel length device with As S/D junctions (Fig. 7).

For process simplicity and high hole mobility, an n+

polysilicon gate is used for both the n- and p-channel devices. " 0

'o-It 1  -, -2 -3 -4

Gate Voltage
FIG, 8 Measured subthreshold Chadoetritics of P-chantel devices.

The short channel threshold voltage fall off of p- channel
devices is shown in Fig. 9. These characteristics are similarto the NFET ones shown in Fig. 5 except that they are dis-

1 G 4 12placed by a 0.1 At increase in channel length. The measured

Lfg (rn) PFET device series resistance is 2000 U im. (source and
drain) and the 0.5 pm long device exhibits saturation

FIG. 6. NFEr hot electron voltogOe limits transconductance of 85 mS/mm as shown in Fig. 10.

ID
tCA) Vdd: -3.3

5 0003 1 I ( _ .4S

500 VON 3.5v n S

...s~ 
.  

-1.I -p

EFFECTIVE CHANNEL LENGTH (un)

VOS .3500/dIv C V) FIG. 9. PFT measured threshold voktoge foll-off.

FIG. 7. I-V characteristic* of NFET with 0.4urn channel length. 4. Circuit Performance

This requires a counter doped channel implant in the p- The dependance of circuit performance on power supply
channel device to lower the threshold voltage magnitude. The voltage measured on ring oscillators is shown in Fig. 11.
resulting buried p- channel device structure is known to have These ring oscillators consist of 31 stages of unloaded CMOS
degraded short channel effects and turn-off behavior. How- inverters with fan-in and fan-out of 1. They arc laid out with
ever, by reducing the thermal cycle to keep the channel dop- 1 pm ground rules. The minimum gate delay measured at
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FIG. 11. Measured delay of performance ring oscillator.
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MONTE CARLO SIMULATION OF SEMICONDUCTOR DEVICES: A CRITICAL REVIEW

Paolo LUGLI and Carlo JACOBONI

Dipartimento di Flaka e Centro Interuniversitario di Struttura della Materia
dell'Unversita' di Modena, Via Campi 213/A, 41100 Modena, Italy
Via Campi 213/A, 41100 Modena, Italia

We present a critical discussion of the Monte Carlo simulation as applied to semiconductor device
modelling. The advantages and limitations of such approach are discussed and compared with more
traditional simulators. Critical points are pointed out and analyzed. A variety of applications to
different structures is then outlined.

1. INTRODUCTION treme importance in the M.C. simulation of semicon-
The Monte Carlo technique [I] is a fairly new tool ductor devices. Especially when the dimensions of the

in the area of device modeling, traditionally dominated active region of a device are reduced below the micron
by simulators based on drift-diffusion or on balance- limits, the overall performance of the device in largely
equation models (for an overview of the subject see controlled by contacts and boundaries.
Ref. 2). Depending on the complexity of the simulated Clearly, it will not be possible to exhaust the com-
device, two main approches are generally followed. In plexity of the M.C. simulation of device in such a
the first one, a one particle Monte Carlo (OPMC) sim- short review. Sec. 2 will present a short description
ulation is performed on a given fixed potential previ- of a generic M.C. simulator, followed by an overview
ously determined. In the second one, the traditional at today's state of the art, outlining the area of ap-
Monte Carlo simulation is performed for many particles plicability of the M.C. method, its advantages and its
in parallel (EMC) and coupled to Poisson's equation drawbacks. Many of the devices that have been mod-
in order to obtain the self-consistent potential consis- eled using a Monte Carlo method constitute very corn-
tent with the charge distribution given directly by the plicated systems, where high electron densities, sharp
Monte Carlo procedure. doping profiles, size quantization and heterojunctions

Since no a-priori assumptions are needed on the between different materials are present, thus requir-
form of the real and k-space carrier distributions, a ing very sophisticated algorithms. Sec.4 will deal with
Monte Carlo simulator is the only reliable tool for the special features such as Pauli exculsion principle, tun-
investigation of those physical phenomena that criti- neling and high energy effects. A complete overview of
cally depend on the shape of the distribution, or on the the Monte Carlo simulation of semiconductor devices
detall of its tall (such as electron injection over poten- will be presented in a forthcoming book [3].
tial barriers). Furthermore, the Monte Carlo technique
allows us to focus on particular physical mechanisms 2. DEVICE SIMULATION
that might be of importance on the device performance In recent years the Ensemble Monte Carlo (EMC)
(for example, intercarrier scattering, impact ionization, has been widely used to study the properties of semi-
generation-recombination, etc.). The price. one has conductor devices. Particular emphasis has been lately
to pay are a very tiM..consuming algorithm, and the attributed to submicron structures, because of their
requirement of a complete knowledge of the physical performances in switching and high frequency opera-
system under investigation. Often many assumptions tions [41. Once the basic physics involved in the trans-
have to be made in order to reduce the complexity of port of such device. is knownEMC simulation provides
the model describing a given device. a formidable tool to determine their limits and charac-

The problem of the boundary conditions Is of ex- teristics and can be very helpful in modeling. Together
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with the determination of the macroscopic properties breaks down when the device dimension awe small (typ-

of a device, EMC also gives a microscopic description ically below one micron), and high fields set up, leading

of the xal electric field, charge deneitmvelocity distri- to non-local phenomena. More specifically, when the
bution, etc. field inside the device varies appreciably over length

A low chart of a generic M.C. device simulation comparable with the electron mean free path, the elec-

is shown in FIg.1. The basic steps are: troans at a given position carries information about the

i) Charge assignement. A mesh of cells is set up and field value at another position, and the trasport process

the charge of each particle is assigned to a particular becomes a non local phenomenon. The inclusion of the

mesh point. Since it is not possible to simulate all the energy balance equation allows to incorporate some of

electrons present in a real device, each simulated par- these effects, at the cost of a much heavier computa-

tide represents a cloud of electrons for the purpose of tion. The Monte Carlo technique, which is inherentlyestimating currents, charge and field distributions. For non local, lends itself very well to the simulation of

all other purposes, each individual particle carries its

elementary charge e. The doping charge is also added *nin p 6.eds

to the mesh according to its distribution. positions and velocity'

ii) Potential solution. Poisson's equation is solved to [ ofcarriers

determine the electrostatic potential at the mesh points.
This is usually done in a very efficient way by using
Fast Fourier Transform techniques. The electrostatic

field field is then obtained from the potential with a
finite-difference algorithm. f. aights

iii) Flights. Each particlenow treated as an individ- diplacement
ual electron, undergoes the standard MC sequence of
scatterings and free flights, subject to the local field ]sttering events

previously determined from the solution of Poisson's

equation. The MC sequence is stopped at fixed times,

when the field is adjusted following the steps described 4n n

above. For OPMC techniques, the potential and field

profiles are calculated at the beginning of the simula-

tion, and only step iii) is performed. A detailed discus- n

sion of thoseissues is given in Ref. 5.

The description of the problem is completed by Y
setting initial and boundary conditions. The initial nio charge
conditions are not so important, since only the self- to mesh points

consistent steady-state result is usually retained. Bound-I clculus Potentia

ary conditions are instead crucial, in particular in sub- and Il& at

micron devices, where contact properties drastically in-

hence the whole behavior of the device.

Traditionally, device simulators have been based

on drift diffusion (DD) or on balance equation (BE)
models. Both of them are fast and reliable as long as

Slocal description of the physical phenomena in the

device is possible. That is, when the carriers can be

dmcnl by a distribution characteristic of the given Fig. 1 Flow chart of a typical Monte Carlo device

field present in every of the device. Such an assumption simulation

98



amn stationary transport in dveces. The discrepancy 3. SPECIAL FEATURES

between local models and the EMC have been clearly In the following section, we focus on speci as-
=outlind by svral athors 16.,8]. pects of the MC simulation that we non generally con-

A list of MC simulators present in the literature sidered because of their difficulty, although they can be

is shown In Tab. 1, together with the specific algo- of reat importance in the device performance.

rhm, ad t respective refnce. The prototype, 3.1 Paull Exclusion Principle
and hystorlcally the first self consistent MC program, Electrons obey the Fermi-Dirac statistics and then
was applied to a MESFET structure by Hockney and must satisfy the Pauli Exclusion Principle. This means
coworkers at Reading University 15,61. The charge as- that not all the states are available because only one
siginent and Poisson solver wore based on algorithm electron can reside In each state. This aspect is not very
deviced in the contest of plasma simulations. These al important in nondegenerate case and electrons are die-
byr thms have been so successful that they are adopted tributed in a large interval of states; in the degenerate
by most o the self consistent MC programs. case the problem becomes more conspicuous. In GaAs

A large class of devices (MOSFET, bipolar trausis- the electrons are degenerate for T < 300K and for
tors, HEMTS, etc) are characterized by areas with high n > 4.6 x 1021 m- 3. This is the case for many devices
doping (and free electron) concentrations, low electric of interest. Degeneracy is equivalent to a many body
Gold and retardind barriers. The direct simulation of interaction which reduces the phase space available for
electronic motion in theme regions can be terribly time the electron final state in an induced transition.

consuming. In contrast, more traditional simulators, If p(k) and p(k') are the probabilities that respec-
such as (DD) schemes, can be applied to such a situ- tively the initial and final state are occupied, the total
ation in a reliable and straightforward way. A hybrid rate of transition P(k, k') between two different states
method (HYMC) has been proposed 122,231 that com- is given by P(k,k') = p(k) x S(k,k') x [1 - p(k')].
bines the two techniques, by relying on the fast DD Normally a semiclassical Monte Carlo works with the
simulators for low field areas, and on the direct MC approximatio p(k') = 0 because all the states are con-
simulation where step gradients of the potential cre- sidered available as final states. The inclusion of PEP
ate the condition for hot carriers. Although excellent is then essentially the inclusion of this term in the to-
in principle, the hybrid technique (also called regional tal scattering rate. In Ensemble Monte Carlo this is

MC) requires a very accurate handling of the boundary obtained very easily because the particle distribution

conditions at the interface between the various region is known step by step. The algorithm generating the
which ,in our opinion, has not yet been obtained, distribution function is set up by multiplying the scat-

tering probability by the correction factor 1 - p(kl);

Device Simulation Refs p(k') is determined self consistently and a rejection
technique is used after selecting the final state with-
out the correcting Pauli factor 1241.

HEMT SSMC 11,12 3.2 MOSFET simulation

MOSFET ONMCSSMC 13,14,15 One of the most important phenomenon in MOS-

HBT HYMC 4 FET's, and in general of submicron devices, is the heat-
BIPOLAR HYMC 1ing of the channel electrons. As pointed out earlier,

the EMC is most suitable technique in the presence of
PDB E./C 17,18 transient phenomena [251. On the other side, the EMC

4THETA SSMC 19,20 poses considerable problems in MOSFET simulation,

PT HYMC 121 1due to the very high doping of source and drain regions.
A 2D OPMC has been proposed [15] that presents the

Tab. I Lit of semiconductor devices simulated following Innovative features:
by Monte Carlo methods a) Using a plece-wis linear approximation of the elec-

m
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tric field, the carrier motion equation ae Integrated Since the value of the electric field at the two bound-

analytically within each sector of the pace grid thus arie z = 0 and z = w (see Fig.2) is related through
avoiding tim con.aing numerical pocedures. Gauss' law to the net charge inside the device, it is nec-

b) All the boundaries of the simulation domain, of eaery to allow the number of the electrons simulated

course except that along the Si - SiO2 interface, have to vary during the simulation, as a constant number

been ixed within low field device rogion so that elec- of the electrons would give incorrect results. In this

trons can be injected with safe initial conditions (ther- respect, a novel scheme, based on a cubic Hermnite col-

mal distribution) and get out only after exhausting location method to solve the I-D Poisson's equation

all important physical effects. This choke overcomes has been introduced. The value of the electric field on

the questionable use of the boundaries posed by the the z = 0 boundary is obtained without any loss of

HYMC. precision, and allows to obtain directly the value of the
current through that interface. By carefully control-

c) An original, efficient algorithm has been implemented
to caulate the appropriate duration of the free flights ling the flux of the electrons in the two dirctions, itto clcuatetheapprprite uraion f te fee IAU is possible to update constantly the numbers of elec-
(depending on the actual carrier status). The method

trons simulated, in accordance to the field distributionwhich is based on a space dependent definition of the
inside the device. In this way, the interface at z = 0

scattering rate 1261, leads to a drastic reduction in the

number of selfcatterings thus allowing large saving is modelled as a perfectly injecting contact. The metal

computation time (more than one order of magnitude contact at z = w acts as an absorbing boundary: elec-

compared with the conventional approaches). trons with energy sufficient to overcome the barrier are

d) The low injection efficiency of electrons from the injected into the metal.

n+ source/ drain regions into the device channel has The tunneling probability for an electron with en-

been overcome by means of the sample multiplication ergy v at a distance z from the interface is given by

technique suggested in R'ef271 to deal with rare carrier T(e) V-exp -2/h d2m*[qV() - ]l (1)

configurations. A multiplication technique of the same m )(

type been systematically used to reasonably populate where m* is the effective mass, V the potential seen

the upper tails of the electron ED with an affordable by the electron, and A is Plank's constant. As a M.C.
number of total simulated particles. Good agreement electron reaches the barrier, the tunneling probability

with experimental values has been found, despite the is calculated from (1) using a parabolic least square
simplicity of the physical model used to reproduce the interpolation of the potential V (z) obtained from the

MOS structure. solution of Poisson's equation. A random number is
then used to decide whether the electron will tunnel or3.8 Shottky Diode Simulation
not. It is important to notice that no assumptions on

Metal-emlconductor contacts are of great impor- the electron distribution function near the contact or
tance in a number of semiconductor devices, whose ap- on the shape of the potential barrier are needed.

plications range from high4-speed logic to microvawes. The validity of the self-consistent algorithm has

As the dimensions of these devices reach the submi- been verified by comparing the equilibrium potential
cron limit, contacts become the limiting factor for the distribution (zeflecting the shape of the conduction band)

performance in the ballistic or quasi-ballistic mode of obtained from the E.M.C. simulation with the result of
operation. In the same limit, the standard theory of an iterative process which combines the use of Fermi-

Schottky barriers becomes less and less accurate. Dirac statistics and Poisson's equation. At room tem-

A simulation of a I-D metal-n - na+ structure has perature and moderate electron densities, current is
been proposed (281, that presents an interesting system provided solely by thermoionic processes. Higher den-
in that the device Is never charge neutral, except under sities cause a narrowing of the barrier, thus increasing

flat-band condition. This is due to the presence of a the tunneling probability. The method indicates that

'" depletio or an accumulation region near the Interface, significant tunnel currents start to appear for electron
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A i TM G&MO STUDY WO DIFFION FICIENTS OF TWO-DIMIOCA ELEC TON GAS IN HEfT
AlGaAs-4aAs S1RIIUS

J. Zimmrmann, and Y. Wu

Centre Hyperfr quenoes et Semicinducteurs, UA CNES n" 287
BAtiment P3, UniversitA de Lille-Flandres-Artois
59655 Vi]leneuve d'Ascq Cedex, France

This paper presents a Monte Carlo study of diffusion and noise in two-dimensional
electron gas (2Dm) in heterojunctions. This is mainly achieved via the calcula-
tion of velocity fluctuations correlation functions of the 2D1 subjected to a
driving field applied along the channel. It is found that at rather low fields when
the carriers have a real two-dimensional motion, the parallel correlation functions
show oscillations which we analyse in terms of scattering rates. This gives rise
to 2DHG resonant noise spectra whose resonance frequency is very nearly proportio-
nal to the driving field strength.

As It is well knwAn, one of the major advan- bias voltage.

tages of Hot Electron Mobility Transistors (HT) The subbands are obtained by a self-consistent so-

comes from the fact that they present a good lution of the Schr6dinger and Poisson equations
noise figure associated with a high gain at mi- in which we assume an electron effective mass to

crowave frequencies, as cowvared to the normal remain valid 171,181 and an apparent activation

SFET I 11. There are at least four main sources energy of the dopant in the AlGaAs layer 19 I.
of noise: diffusion noise, shot noise, G-R noise ii) Scattering probabilities. Detailed accounts
and 1/f noise. At high frequency, the only which on the way in which 2DEG scattering probabilities

prevails is diffusion noise. For these reasons, can be evaluated can he found in a number of re-

diffusion coefficients have been extensively stu- ferences 1101-1141.

died in a recent past for a number of bulk mate- The conduction band scheme appears as conduc-

rials: Si, GaAs, InP, GaInAs 121-16 1. tion bands of a normal AIGaAs-GaAs systew connec-

ted to a subsidiary r valley in GaAs where the

THE MODEL subband structure is fully taken into account. At
Basically, in any Monte Carlo model, two ensam- low fields, the carriers move essentially in the

bles of data are needed: I) the energy bands in latter. Of course, we allow transitions between
which the carriers move; ii) the various scattering 2) states and 3D states to occur in which the

probabilities, localized electron wave-functions in the sub-r
Our siawlations being aimed at obtaining valu- valley play an essential role. A full account of

able results for real structures, the following this part of the model can be found in ref. 15.
stucture has been considered. From the GaAs SI-

substrate, an undoped (m) GaAs buffer layer is SIJLATION RESULTS
grown, followed by an undoped A1xGal.xAs (x=0.3) We will now first show and illustrate veloci-

spacer and a Si-doped (Nd zl.3xlO cm-3) AlGaAs ty fluctuations correlation functions, since

(x=-0.3) layer on which a metal gate is deposited, their Fourier Transforms gives the diffusion noise

The widths are lm, 50 A, end 625 A respectively. power spectra which in principle can be directly
i) rg bands. On the GaAs side of the hetero- measured experimentally 1161. Figures la,b show

junction a potential well is formed, the shape of parallel and transverse correlation functions at

which is controlled by the electron charg trapped driving fields of 200 and 600 V/am respectively.

in it, which in turn is controlled by the gate All these results were obtained with n :1.lx10 12
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Fig. 5. ParaleL (1) and transverse (2) mean-

"" . ,.. ..... square displacements of a hunch of carriers com-
6 1 1 2 puted at 600 V/cm for n. =1.1x1012 cm-2 at 77 K.e 49 Be 128 169 289

b
layer. ii) At n =1.xlO 12 cm-2 the separation bet-

aween the ground and second subbands is 37 m8V; at

SlxlO 1 1 cm-2 it is 16 meV.

If we considered that polar-optical phonon
F %(POP) scattering acted alone, then a carrier with

0' Oa zero velocity at the beginning would be accele-
a US9 326 466 646 6O6

rated until its energy reaches POP energy, at which
Fig. 3. Parallel (a) and transverse (x) noise
power spectra. (a): spectrum of fig la. time it would be very likely to emit a phonon and
(b): spectrum of fig. lb. The spectra are redu- have its energy sent back near the subband edge.
ced to 1 at zero freuey. The time needed for this process to occur is

T = l/qE. (2m*i w pop2, (1)

in which case the velocity fluctuations correlation

function would exhibit oscillations with the period

a T , velocity states separated by T would almost

'completely correlate, the correlation function
would decay very slowly or not at all. In our case

0 in, C i ....... though, the additional collisions mainly due to
9 49 Be 126 16" 26 isotropic acoustic phoncn scattering randomize at

Fig 4. ":arld.i (a) and transverse (X) noise a rather slow rate the electron velocity during
power spectra of the correlation functions of the acceleration periods and thus have two main
fig. 2. effects: the oscillations will be damped due to

these extra collisions, the pseudo-period will be
the electron enegy reaches the energy of the slightly shorter than T but the 1/E dependenoe
phonon, namly 35.4 mV; pieso-electric scatte- should be preserved. This is exactly what we obser-
rings exist but are elastic and anisotropic; elas- ved from the simulated correlation functions. We
tic acoustic scatterings are radomizing (strongly summarise the results in Table 1.
isotropic) at a constant scattering rate 1101; The analysis of the amplitudes of the oscilla-

imParitv scattoring (elastic) is aniaotrpic and tions is less easy. Figure la,b shows examples

rather weak due to the presenoe of the spacer where the separation between the first two subbands
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TANS I As a conclusion. it is interesting to note that

Field Period T M.C. period this kind of behaviour in the.low field range at

100 V/dM 16.4 pa 15.8 pe rather low teaperature is typical of a two-dimen-

200 8.2 8 sional electron system as it is represented by our

.400 4.1 3.6 model. In the bulk, in the same conditions, no re-

800 2.7 2.2 sonance occurs unless the field is greater than
the threshoild field for intervalley transfer.

is larger than the IW energy. In that case inter-
subband transfer assisted scattering is very weak;

the fact that the aqlitxes, when the field is . A. Cappy et al., IEEE Electron Dev.Lett.EDL-6 (1985) 270.
higher, are less iortant is a result of the in-

creasing number of POP collisions which are small 2. H. Brunetti, and C. Jacoboni, Phys.Rev.B 29
(1984) 5739.

angle hut non-zero angle collisions. Figure 2

shows a case where the separation between the first 3. R. Fauquembergue, J. Zimmermann, A. Kaszynski,
and E. Constant, J.Appl.Phys. 51 (1980) 1065.

two subbands is much lower than the IP energy.

Inter-subband transfer assisted scattering is much 4. G. Hill, P.N. Robson, and W. Fawcett, J.Appl.
Phys. 50 (1979) 356.

stragr than in fig. la, and as a result a signi-
ficant portion of the electron kinetic energy is 5. B.R. Nag, S.R. Ahmed, and M. Deb Roy, Solid-

State Electron. 30 (1987) 235.
transformed into potential energy, thus reducing
velocity fluctuations while preserving the pario- 6. J. Zimaermann, P. Lugli, and D.K. Ferry, J.Phy-

sique (France) 42 (suppl.nr. 10,coll. C7)
dicity of the motion which is a function of the (1981) 95.
field and OP energy only. 7. The parameters concerning AlGaAs and AlGaAs-

We also have analysed these observations by GaAs heterojunctions are taken from S. Adachi,

comaring them with similar simulations of elec- J.Appl.Phys. 58 (1985) R12.

trons in bulk-GaAs at 77 K. In that latter case no 8. B. Vinter, Appl.flis.Lett. 44 (1984) 307.

oscillations were observed in the range of fields 9. N. C T. nder, J. Kle, W.T. Masse-

of intarest here. We believe this to be a result link, R. Fischer, Y.C. Chang, and H. MorkoQ,

of the fact that elastic acoustic scattering rate Phys.Rev.B 30 (1984) 4481.

increases with energy instead of remaining a cons- I0. P.J. Price, Annals of Physics (New York) 133

tent as for two-dimensional electrons. Than the (1981) 217.

oscillatory nature of the electron motion induced 11. P.J. Price, J.Vac.Sci.Technol. 19 (1981) 599.
b POP collisios would be probably lost.

12. J. Zimmermann, Y. Wu, and F. Perri, Physica
Diffusion noise spectra are obtained from cor- 129 B (1985) 385.

relation functions via Fourier transform 131. 13. K. Yokoyame, and K. Hess, Phys.Rev.B 33 (1986)

The oscillatory natre of correlation functio 5595.
is reflected in spectra through the presence of a

14. J. Lee, H.N. Spector, and V.K. Arora, J.Appl.
resonance frequency equal to l/T . This clearly Phys. 51 (1983) 6995.

appears in figs. 3a and 4, where at 200 V/cm 15. J. Zimermann, and Y. W, Rev.Phys.Appl.

sonamos occurs near 120 Gliz. In general as frequ- (France) to be published in 1987 (in print).
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and then increases more or less sharply at the Constant, Appi.Phys.Lett. 30 (1977) 245.

resonance frequency. Above the resonance, noise
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B1.2.3

MONTE -CARLO SIMULATION OF CLASSICAL AND INVERTED MODFET STRUCTURES

F =W E w , p ERNI M., THOEL J.L. BOUREL P.

centre hypelrequences et semiconducteurs, LA CNRS 267 Bat. P3

univerwste des sciences at techniques de LILLE

59655 VILLENEUVE D'ASCO, FRANCE

buffer layer on which is grower first an undoped acM
MOOFET structures consist mainly of a heterojunction GaAs layer and then an heavily doped AIGaAs layer on

located between a larger band gap highly doped material which the gate Is deposited. The 2DEG is located in the
and a smellr band gap undoped material. The carriers of undoped GaAs layer, at the GaAs/AJGaAs interface. We
the larger band gap material diffuse Into the smeller band simulated a 0.3 ium gate length (Lg) conventional structure

gap material where they confine near the hetarojunction with a 400A thick (a) AGaAs layer, doped to 1018 atlcm3

Interface to form a two-dimensional electron gas (2OEG). (Nd), the aluminium composition of which being 30%.
The main interest of these structures is that the carriers of For this structure the theoretical pinch -off voltage is 1.5
the 2DEG, as they are not submitted to Impurity scattering, Volt, given by the relation :
can achieve high mobilitis and velocities. The Principal Vp-qN a2 Mt +AE
drawback of the conventional MODFET structure is that, d C
because of the gate potential, carriers increase their where AE, is the conduction band discontinuity.
energy, leave the two-dimensional electron gas and in figure 1, are presented the variations of the drain current

deeply penetrate the GaAs layer and even the substrate. In fge 1rarsnte th andti of renuent
Therefore this process results in a reduction of the s, the transconductnce Gm and cut-off frquency Fcversus the Internl gate voltage Vg - Vbi (where Vbi is the
transconductanoe Gm and in a high value of the output
conductance Gd. A solution to this problem is the use of built-in potential) at room temperature.

These curves exhibit two different features defending onan Inverted Struture in which the heterounction is located aeba.Frgt otgelwrte qd/ --.

behind the 2DEG and should reduce the penetration of the gate bias. For gate voltage lower then -qNda Me 1.2

carriers into the buffer layer and improve the performance V. the AIGaAs upper layer is completely depleted , then the

of the device. A simulation was carried out to study and drain current is only due to the 2DEG and the
analyze the various, physical aspects and the potential transconductance Gm varies almost linearty with gate
asavoltage. For gate voltage greater than -1.2 V, current
performances of both conventional and Inverted structures conduction occur in the AIGAs layer gingria to a
I-GaM'N * MESFET like ' contribution. The Gm variation versus gate

THE MODEL voltage is then reduced due to the low transport Pronerties

As not stationary dynamic effects(overshot, balletic effect) carriers mobility of the highly AIGaAs.

occur in these submicronic structures the method used In this voltage range, the charge controle is carried out
must take these effects Into account. A Monte-Carlo either on the 2DEG and on gate capecitance Cgs the
method was used, allowing as to account for not stationary AGaAs N carriers, thus increasing the gate capacitance
dynamic phenomena, then a two-dimensional solution of Cgs and decreasing the cut-off frequency GrnM/2Cgs. All
poisson equation was associated so as to account for the these aspects leads to a cut-off frequency variation
bklimenslonel spatial effects which can become Important versus gate voltage showing a pronounced maximum

when the dimensions of the devices studied are very small, around - 1.2 Volt. For this gate bias which can be looked
Nevertheless, this model, like other models Ill consider the at an optimum polarlsatlon point, the device exhibit a 400
two-dimensional electron gas carriers as bulk carriers and mS/mm transconductance associated with 110 Ghz cut-
do not take Into account the effects linked to the energy off frequency.
quantification in the conducting channel. There exist more
sophisticated models 121 which partially tak- into At liquid nitrogen temperature, for the same polaristion

account dho quantum e~ioc and necesitate longer Point (Vga - VbI - -1.2 V) , the performances Increase to
ompting times but apparently do not yield vi7 ferent Gm -600 mS/mm and Fc -150 Ghz due to better transport

resuie, Properties of the GaAs at low tamperaue.

CONVEmWONAL MOOFET As concerned with the output conductance Gd, for the
same gate bias, It varies from 20 mSimm at room

Conventional MOOFET structure consist mainly of a GaAs teperature to 28 mS/mm at 77K. Thes relatively high
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values we strongly coninecled with carrers Injection In the In anl cae. the gats being on the undoped malerial, the
Ga~s but her laye In the gatei to drain region. This Is one of gate potential acts directly Mn the channel owners and nM
the main knconvenleno of convniol MODF'ET On the curers ON the Ionized impurities as it is the casw
structure, an other one Is reae to the fact that the gate in a conventional structure. The gat action is thus much
potential act not only on the 2DEG but aMs on AIG.As more efficient and results In much higher transcoductance
layer Ionized Imurltdes. thus reducing the gate efficiency values than for conventional structures. Thus for a 0.3pam
and fth IrAnconduclance values. gate leingth, a 250A AlGaAs layer, the maximal
A solution to this problem Is the use of Inverted structure. transconductance value is approximately 750 MS/mm at

room temperature.
low 14NIM n N/4 N *Mn of the GaAs thickness a and of temperature

If, for the same structure the GaAs layer thickrnees is
7111 (a 7Hreduced. the G3m maximal value changes to 1350 mS/mm.
156These results are given in figure 2 where ,for each

structure, the Gm evolution versus the gate voltage Is
represented (internal potential, L~e when taking the Schotlcy
potential into account). It can be seen that for a. 12sA, the
Gmn evolution versus Vga is very steep, which might lead to

22 interesting developments in high speed logics,
356 On the Other hand the latter structure, simulated at 77K

gives a GmI Maximal value of approximately 2200 mS/mm.
These values are of the same order of magnitude as the

3K jl -IE INexperimental values obtained by CIRILLO [41 for an similar
structure.

Lq=0.3 uos Lrt=0.4 umn

Nd(AIGas)=I.El ~t dcn3 (25 no)

jg(b)GM /)

T0Yds'%2 YolIt 1400-

T__30100
IN x=0.33

W00

400-

1.0 200'

Figur 1: Gm (a) and Re (b) versus Internal Vga for
celascal MOOIFEI -2 .80 -2.40 -2.00 -I'be -1.20 -. 50 -.40 .00 .40 .30

(nternet VGS (Volt)

-1IBII MDFE STRUCTURE
Figure 2 : Gm versus Internal Vgs for 2 structures with

In the inveried structure, the gote is deposited on an different: active layer thickness
undoped Gafs layer which Is grown on a highly doped
AlKeM layer. The sourc and drain contacts are taken on
a top GaAs layer heail doped in order to reduce access
resistances and completely reoseed so that the gate Is on Maer othegw WML
the undoped Gaes lay111r

Figur 36 shows the Gm evolution versus the gate voltage
WeVf *mkftd eucture with a 1 .SIm source -drain (Or three equivalent structure, where only the gate length
spacing aid a ilAm lo" by 0.Ijim deep reces and we Is modified. It can be seen that the longer the gate, the
stude tevoulution of performances when modified the more efficient the gate control and the higher the
1:1199kneas of Owe GsaM urkoped layer, the thickness. the transcOnduCtance. EMt the capacitance Cgs Increases with
doping level or aluminium omfposition of the A*U,Gs, - ~z Lg and therefore the cut -off frequency Fc decreases
Maye. 1's gat WqgIh or the temperature. whe Lincreases (Fig 3b),
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and ti s due to the potential barrier Incerems at the
m-12.5 no Nd(AIQAS)OI.hEll ot/erni (25 sm) GaAAI s hetlerofunction, thus reducing the peinetraton

into the substratle.
Gg~a/.m)Lo40.3 urn Lro40.4 us a-25 n

Vdz ot(a) Nw(AlGrAs)Oli~bEi6 at/co3

Wnds= Volt

T=300 K 
01

L.4.Suax=0.33

2 00

-2.60 -2.40 -2.00 -)A0 -1.20 -.80 -AG .00 .40 .80

Internal VGS (Volt) :
&--12.5 no Nw(AlGaM )=t.hEi$ at/c..3 (25 ns) -2.80 -2,40 -2.00 -IO 120-80 -. 40 .00 .40 .10

Internal. VGS (Volt)
F6.Ghz) L=0.3 umn Lrg=O.4 umn &=12.5 n

Vds--2 Yo It (b) 15 m /M

X-0.33AlGaiAs doping thickness 25 no

T=300 K

~~-L55. Su = 0.33

-2.4"I-0 400

-2.80 '.'0 -2. 00 -. bG -1. 20 -. 80 -.40 .00 .40 .80 200

Figure 3 : Gm (a) and Fc (b) versus internal Vgs for 3 -2.80 -2.40 -2.00 -t.60 -1.20 -.80 -.40 .00 .40 .0

str'uctures with different gate lengh internat VGS (Votf)

killusnos of thilumflse So doping of the AIGs layer Figure 4 : Gm versus internal Vga for 2 different AJ6.AS

We also simulated structures where the AIGaAs layer layer thicknesses (a) and doping Mb

parameters~thickniess and doping) were modified. It can be
seen in figure 4a and 4b that these parameters have little a~2Sn ll.llbI t'crn f25 mo)

influence on the static characteristics of the component. In
particular, the transconductance maximal value remains ___-

the same, only the characteristic Gm(Vgs) is shightly (a)
modified and for a given Vga voltage , Gm keeps high W
values when the AIGaAs layer is very thin or highly doped.

Inleneofte _IO, -As layer compositloin x 3(200Vs- 'V
We simulated structures where only the aluminium Io1.* _os." o

oomposition of the AIGM~ layer was modified, which j lae*1V100Vl

results in a modification of the conduction band -.
* discontinuity at the GaAGaila heterojunctlin. It can be a
*seen infigure 6that the Gmmaximal value increses wth

the composition x Insofar as x Is inferior to 0.3 and that for 0 0,0 S" .s
* higher composition Gm does not change. On the other 0.0 0.10 0.20siio 0.0X 00 0

hand, thes output conductance strongly decreases with x ~~Sl
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elf.S rim *(AI6af)-.14IS al/Wa (25 me)

WS2 Voltf leleral Vuvo.@ Volt

1-300K 1.90.5.

a

0.00 0.is 0.20 0.30 0."0 0,59
Composition X

Figure 5: Gm (a) and Gd (b) versus internal Vge the Al
composition of t AIGeas layer

The MODFET inverted structure could lead to very
Interesting developments. In particular, the use of thin
GaAs layers, associated with appropriate thlclcnes and
doping level for the AIGaAs layer allows t obtention of
much higher transconductanoe and lower outpu
conductance as compared to conventional MOOFET
structurs.

Finally, the ch*We of the gate length must achieve a
compromise between the transconductance value and the
maximal cut-off frequency.
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B1.2.4

The Particle Simulation of self-aligned GaAs MESFETs with a Submicrometer Gate-length

Yoshinori YAMADA, Shiroh IKEDA, and Naomasa SHIMOJOH
Department of Electrical Engineering and Computer Sciencepl Kumamoto University, Kumamoto 860, JAPAN

The self-aligned GaAs MESFET with 0.25 um gate-length has been analyzed by the two-
types of particles simulator(TPS) and the regional simulator(RES) which are useful
for drastic reduction of the number of particles. The numbers of particles employed
in the TPS and RES are less than that in the conventional simulator by factors of
about 8 and 18 - 54, respectively.

1. INTRODUCTION ones.

It is said that a multi-particle simulator is

a good tool to investigate nonstatic transport 2. TWO-TYPES OF PARTICLES SIMULATOR(TPS)

in GaAs MESFETs with a short channel. Awano et Fig. l(a) shows a schematic drawing of the

al. applied it to an entire region of a self- self-aligned structure used in the present

aligned MESFET(l . Their simulator is called a simulations. A substrate is not considered.

full simulator(FUS) hereafter. Fig. 1(b) explains a concept of the TPS. It

The self-aligned MESFET consists of highly- employs two different types of particles and makes+ +

doped n+-regions and a lightly-doped n-region. a charge in a particle in the n -regions larger

In the FUS a particle denotes an ensemble of than that in the n-region by a factor of ? (>1).
+

electrons and an electric charge in a particle When the charges in a particle in the n- and n -

is same for all the particles. Thus, the n+- regions are denoted by q and q+, respectively,

regions required a large number of particles in q is equal to jq. The FUS corresponds to a case

comparison with the n-region. For example, the of IZ 1. A choice of the value of '2 depends on
number of particles employed by Awano et al. how much degree one desires to reduce the number

reached about 65 000. Among the particles only of particles and permits inaccuracy of the

about 3000 particles in the n-region played an calculated results. The TPS applies the particle

essential role for description of the nonstatic simulation to an entire of the device structure

effect. The others were employed in order to shown in Fig. ](a). In general, an increase of

describe the near Ohmic transport in the n+- the charge in a particle causes instabilities or

regions, fluctuations in the numerical calculation. It
As the FUS requires a large number of particles will be shown, however, in the later section that

and large amounts of CPU memory and CPU time, it is the TPS does not cause large fluctuations.

I not considered to be the best tool for designs. 2.1. Number of Particles
Some ideas which are useful for reduction of the The number of particles in the n+-regions used

CPU memory and CPU time have been presented. The in the TPS is less than that used in the FUS by

one is to use ballance equations[2 - 5). The a factor of . For example, if N / No and

another is a regional simulator[6 - 8]. LSG = L =LGD, the total number of particles used
The purpose of the present work is to describe in the TPS is less than that in the FUS by a

a two-types of particles simulator(TPS) and our factor of (2t+l)/3. If'=lO, the factor is

regional simulator(RES). Both of them are useful equal to 7, Here N+ and ND are the donor con-+ N
for reduction of the number of particles. The centrations of the n - and n-regions, respective-

TPS is based on a different idea from the previous ly.
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7 determined from the position and wave vector

source gate drain W distribution-functions of the injecting particles

* Illby using random numbers. The detailed description

will be published elsewhere.

V a n
* (a)K " .1L "L (a) 3. REGIONAL SIMULATOR(RES)

i Fig. I(c) explains a principle of our RES.
- Lss- * -L L Go The RES analyzes the n-region by the multi-

+

particle simulation and replaces the n -regions

source gate drain by series resistances RS and RD. The "virtual

Selectrodes" shown by a shaded portion in Fig. I

(c) are set on the junction boundaries. During

0*O. • (b) the simulation the density of particles in the

.. ..- fe, virtual electrodes is kept constant as well as

in the FUS.
*q 3.1. Number of Particles

Naturally the number of particles required in

the RES is less than that in the FUS by a factor
VF V V of about (2+1), If #:ND/N and L=LL GD .

:e RD 3.2. Virtual Electrodes
1 E E Strickly speaking, the particles in the virtu-

Va al electrodes should not be at thermal equilibri-
0 um. However, as IN is fairly high, we have

channel (C assumed that the particles are at thermal

Vs "SS RS I 0D virtual electrode equilibrium.
The widths L' and L" are considered to be

FIGURE I equal to the channel widths near the junction

(a) A schematic drawing of a self-aligned MESFET. boundaries. Consequently they depend on a
(b) A concept of the TPS. (c) A principle of geometry of the depletion region.

the RES.
3.3. Carrier Concentration

2.2. Algorithm Assuring Current Continuity The density of particles within the virtual

As the TPS uses the different types of particles electrodes corresponds to the donor concen-

in the n+- and n-regions, it is important to tration and is kept constant. Thus, it does not

consider an algorithm assuring current continuity directly correspond to the carrier concentration.

at the junction boundaries. Consequently the carrier concentration has been

When a particle with q+ injects into the n- approximately estimated from the density of

region, it must be replaced by '2 particles with particles multiplied by a correction factor.

q. When particles with q inject into the n+- The correction factor, which is a function of the

region, the number of the injecting particles is channel distance, is defined as a ratio of the

counted. When the number reaches to '2, they are real carrier concentration to the density of

replaced by a particle with q+. In addition to particles at thermal equilibrium. The real

the exchanges of the particles their positions carrier concentration along the channel at thermal

and wave vectors must be also determined from the equilibrium may be easily estimated from the one-

current continuity. They are successfully dimensional Poisson's equation. If the virtual
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0.4 VG/.4 0.:

2 - 0.2
- E

0 .TPS 0 0.2 0.4 0.6
SX RES distance Z (Arn)

0 o FUS

0 0.2 0.4 0.6 0.8 1.0 FIGURE 4
Drain Voltage ( V) Average energy distribution

calculated values by the TPS and RES excellentlyFIGURE2

D - D  Now let us compare the electric field, energy

electrodes are set a little bit inside of the n+- and velocity distributions in the device obtained

regions, the correction factor may not be needed. by the TPS and RES. In the following figures,

the calculated results by the TPS and RES are
4. NUMERICAL RESULTS denoted by solid and dotted lines, respectively.

The device parameters used in the simulations Fig. 3 shows the average electric field

are as follows.: L=0.25 jm, a=O.l jm, ND=xl10 16  distributions parallel to the channel at the

cm , and N+=ION The TPS has been carried out bottom of the channel. Owing to the use of the
by using 7 411 particles and the RES by using correction factor, the height of the reflecting

)200 or 3600 particles. The numbers of particles barrier at the source junction by the RES fairly
in the TPS and RES are less than that in the FUS agrees with that by the TPS. If the factor is
by factors of 8 and 18 - 54, respectively, not used, the barrier may be higher. The figure

Fig. 2 shows the calculated ID- VD character- tells us that the electric field by the RES is

istics, where Io is the drain current and VD the strong at the middle of the channel and is weak

drain voltage. The VG is the gate voltage which near the drain virtual elctrode, in comparison

includes a barrier height. It is seen that the with that by the TPS. It is the reason that the

RES does not consider a high resistive and narrow

region of the drain n+-region.

Fig. 4 shows the average energy distributions
10D VD- 0.8 at the bottom of the channel. Due to the as-VG -0.4 .6

I sumption of thermal equilibrium In the virtual

SO' TPS electrodes, the energy by the RES is smaller

-RES near the virtual electrodes than that by the
"0 TPS. The peak energies by the RES are higher

o than those by the TPS because the electric field

0 0.2 0.4 0.6 by the RES is larger at the middle of the channel

distance Z (Am) than that by the TPS.

The average velocity distributions parallel

to the channel at the bottom of the channel are

FIGURE 3 shown in Fig. 5. The distributions for VD-0.6
Average electric field distribution and 0.8 volts are shifted for clear illustration.
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The near ballistic transport in the device is FIGURE 6

clearly observed in the n-region. As shown in Dependence of velocity distribution on V0
Fig. 4, the energy increases with V0 and the energy and velocity distributions have been
slowing down of the velocity due to the nonequiva- elucidated. The dependence of the peak velocity
lent intervalley scattering extends with VD* on the drain voltage has been discussed.

Thus, the peak position of the velocity distri-

bution moves toward the source n+-region. REFERENCES
Fig. 6 shows a dependence of the velocity (1 Awano, Y., Tomizawa, K., and Hashizume, N.,

distribution upon V0 which is calculated by the IEEE Trans. Electron Devices, Vol. ED-31,

RES. In addition to the shift of the peak po- No. 4(1984)448

sition of the velocity distribution due to the [2] Blotekjar, K., IEEE Trans. Electron Devices,

nonequivalent intervalley scattering, as described Vol. ED-17, No. 1(1970)38

previously, we observe that the peak velocity Is [3] Cook, R. and Frey, J., IEEE Trans. Electron

maximum at VD=0.3 volt. On the other handthe TPS Devices, Vol. ED-29, No. 6(1982)970

tells us that the peak velocity at VD=0.6 volt is (4] Curtlce, W. R. and Yun, Y., IEEE Trans.

larger than those at VD=0.4 and 0.8 volts. Due Electron Devices, Vol. ED-26, No. 8(1981)

to our poor computer resources, enough data could 954

not be obtained by the TPS. According to our [5] Carnez, B., Cappy, A., Kszynski, A.,

experience, it is not easy to achieve good sta- Constant, E., and Salmer, G., J. Appl. Phys.,

tistical convergence of the velocity distribution Vol. 51, No. 1(1980)784

in comparison with the other distributions. Thus, (6] Furuta, T., Tomizawa, N., Yokoyama, K., and

we cannot conclude in this work that the peak Yoshii, A., IECE of Japan, Techn. Report,

velocity decreases in the saturation region of Vol. CAS-86, No. 149(1986)87

the ID-V D characteristics as VD increases. (7] Park, I.-J., Navon, D. H., and Tang, T.-W.,

IEEE Trans. Electron Devices, Vol. ED-31,
5. CONCLUSIONS No. 12(1984)1724

It has been found that both the TPS and RES [8] Nguyen, P. T., Navon, 0. H., and Tang, T.-

give the reasonable 10 -V D characteristics. The W., IEEE Trans. Electron Devices, Vol. ED-

numbers of particles employed In the TPS and RES 32, No. 4(1985)783

are less than that in the FUS by factors of 8 and

18-54, respectively. The influences of the

assumptions used in the RES on the electric field,
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C1.2.1
REDISTRIBUTION OF ION-IMPLANTED MERCURY DURING RAPID THERMAL ANNEALING OF

Gao.1 7 Ino 5 3AA and InP

J.H. Wilkie and B.J. Sealy

Department of Electronic and Electrical Engineering
University of Surrey
Guildford, Surrey GU2 5XH. England

Rutherford backsaattering (RES) has been used to study the redistribution of
ion-implanted mercury and the reordering of implantation damage during Rapid
Thermal Annealing (RTA) of GaD 7 Ino 5 3As epilayers and bulk InP. Implanta-
tion at 2006C prevents amorphous layer lormation and reduces the extent of Hg
redistribution In both materials. SI3N and phosphosilioate glass (PSG) are
compared as encapsulants for InP; it is suggested that silicon indiffusion

enhanced by radiation damage may be the reason why p-type activity has only
been seen for 200C implanted material.

1. INTRODUCTION 2. EXPERIMENTAL

Ion implantation of both donors and In the present work, 100 keY Hg+ Implants

acceptors Is an attractive method of forming of 1-5 x 1015 cm-2 were made into bare InP

shallow and abrupt p-n junctions in the III-V substrates and 'lattice matched' LE grown

semiconducting materials GaInAs and InP. GaInAs/InP epilayers held either at room

Implantation and annealing studies of the temperature or 200C. Following implantation,

acceptors Be, Mg, Zn and Cd (1-4] have shown samples were subjected to RTA at temperatures

that these species often redistribute markedly between 5000 and 8000C for times of 30, 60 or

during post-implant annealing, leading to non 120 seconds using a variety of surface

uniform junction depths and erratic electrical protection techniques. RBS (1.5 HeY, He
+
) was

behaviour, then used to follow the redistribution of Hg

Room temperature Hg
4 

Implantation has and the removal of Implantation damage that

recently yielded p-type activity in both had occurred during the encapsulation/

GalnAs and InP following long time furnace annealing cycle. This data was correlated to

annealing (4,5] and 2006C implants have been electrical measurements.

activated In InP using RTA (6). The

redistribution of Implanted Hg during 3. RESULTS

post-implant annealing has been studied by 3.1. GalnAs

Secondary Ion Mass Spectrometry (SIMS) for the RBS results for Hg implanted into GaInAs

case of InP [5], but is not accessible to this are shown in Figures 1 and 2.

analysis technique In GaInAs because of It may be seen from Fig. 1(b) and Fig. 2(b)

'matrix interference effects' [4]. An that the redistribution of Implanted Hg in

alternative method of surface analysis is RBS GaInAs during RTA under a GaAs 'proximity cap'

which is sensitive to the presence of Hg In is quite different for the two Implant

both of these materials and gives simultaneous conditions, giving peak detected Hg levels

information about the nature and extent of following a 7000C, 30 second anneal of

crystallirn damage. -1 x 1020 cr -3 
for the RT implant and
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FIGURES 1(a) and (b) FIGURES 2(a) and (b)

RBS spectra and derived Hg concentration RBS spectra and derived Hg concentration
profiles for 1015 cm-2, 1OO key RT Hg Implants profiles for 1015 cm-2 , 100 keY 2000C Hg
into LPB GalnAs. (1) as implanted, (2) 600C, Implants Into LPE GaInAs. (1) as implanted,
(3) 7000C. All anneals 30 see., GaAs proximity (2) 600C, (3) 700C, (4) 8006C. All anneals
cap. 30 see., GaAs proximity cap.

-3 x 1020 oM- 3 for the 2000C Implant. RTA at

8004C for 30 seconds leads to HS being As for the RT GalnAs implants, Hg+

detectable only in the 2004C implant case. implanted at RT into InP redistributes

3.2. InP significantly during RTA at 5000 and 6000C
I x 1015 om- 2 , room temperature Hg (Fig. 3(b)). Further anneals (not shown) at

implants Into InP form an amorphous layer 7000C and 8000C, for 90 and 60 seconds

(Fig. 3(a)) RTA at 5000 and 6000C for 120 respectively, led to no Hg being detectable at

seconds under a phosphorous overpressure the 1 x 1020 cm- 3 level.

provided by a 10% Sn/90% InP powder [7] Figs. 4(b) and 5(b) compare the Hg

regrow the amorphous layer, leaving thin redistribution for the 2000C Implant condition

damage regions near the surface. 2000C during RTA under two different enoapsulants;

implantation of 5 x 1015 o0 - 2 Hg Into InP 1000 A of pyrolytic SI 3 N, deposited at 5954C

suppresses amorphous layer formation although and CVD PSG deposited at 3000C. In contrast

a small damage peak may be observed, to the results for 'overpressure' annealing o

'i'is
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FIGURES 3(a) and (b) FIGURES '4(a) and (b)

RBS spectra and derived Hg concentration RBS spectra and derived Hg concentration
profiles for 1015 oe 2 , 100 key RT Hg implants profiles for 5 x 1015 cm- 2 , 100 keV 200oC Hg
into InP. (1) as Implanted, (2) 5000C. implants Into InP. (1) as implanted, (2) as
(3) 6000C. All anneals 120 see., overpressure capped, (3) OOC. 60 sec. Si 3 N4 capped.
technique.

RT Implants, significant levels of H& remain 4. CONCLUSIONS

detectable even after 8006C anneals, with Roam temperature implantation of doses

Si 3N 4 apparently retaining slightly more Hg at )1015 ions cm-2 of 100 key Hg+ into InP and

the higher annealing temperature. GaInAs forms amorphous layers, regrowth of

3.3. Electrical Results which cause significant redistribution of the

Hall effect meaesurent using the Van der implanted Hg. Implantation at 2000C

Pauw sample geometry has shown that both RT suppresses this amorphous layer formation and

and 2000C Hg + Implanted GaInAs are n-type for leads to increased levels of Hg being detected

all annealing conditions. Similar measurement In samples annealed up to 8000C. The most

of Hg implanted InP has yielded p-type likely cause of n-type electrical activity

activity for 2000C implants [6) and n-type seen following RTA of InP samples implanted at

activity for roam temperature implants, room temperature is considered to be
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FIGURES 5(a) and (b)

RBS spectra and derived Hg concentration

profiles for 5 x 1015 cm- 2 , 100 keV 2000C Hg
implants into InP. (1) as implanted,

(2) 6000C, (3) 7000C, (4) 8000C. All anneals

60 sec. PSG capped.

implantation damage enhanced indiffusion of

silicon from the Si3 N4 and PSG used as

encapsulants. N-type activity of both RT and

2000C Hg implanted GaInAs cannot be explained

at present.
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C1.2.2

RAPID THERM ANhLIUO OP Be IMPLANTS I1O UNDOPED ImP

V. Haussler

Siemens AG, Research Laboratories, ZFE FKE 1
Otto-Hahn-Ring 6, 8000 KUnchen 83, F. R. G.

The anneal behavior of Be implantations into undoped InP was studied using a capless,

rapid thermal annealing (RTA) process. It is shown that shallow p-type layers in InP

can be obtained reproducibly making this process suitable for device fabrication.

Maximum hole concentrations and minimum in-diffusion are observed for anneal durations

of about 1 minute. Out-diffusion of implanted Be is identified as the main reason for

low hole concentrations and can be decreased by co-implanting matrix atoms.

IMUrxCuIry EXPRI INTAL

Ion implantation into InP is an important Be was implanted with energies between 20 and

technology for future optoelectronic integrated 100 keV and doses ranging from 5.6E+13 to

devices. Be E11[2, ]g (33(41, Zn (31 and Cd (43 2.0H+15 cm
-
2. A graphite strip heater was used

have been used for acceptor implantation. It has to achieve rapid heating of the sample of up to

been established, however, that these acceptors 100 DC/sec. Decomposition of the InP surface was

exhibit strong in-diffusion during furnace- avoided in a PM/H 2 atmosphere. No dielectric

annealing. In-diffusion should be reduced by cap was employed and the InP surface was mirror-

rapid annealing. Rapid annealing has been like after annealing. Anneal temperatures ranged

applied to low-dose Be implants into InP:Fe E5], between 750 and 850 OC with hold-tims between 6

indicating absence of in-diffusion, to Ks seconds and 4 minutes. Implanted InP layers were

implants into InP:Fe £63, showing strong in- non-intentionally doped with electron

diffusion, and to Zn-implants (73 with little concentrations below IE+16 cm- .

in-diffusion for undoped InP and strong in-

diffusion for Fe-doped InP. The distribution of Be atom after the anneal

was measured using SINS. Multiple measurements

In this paper results of a systematic study on on each sample gave a dose accuracy of about

rapidly annealed Be implantations into undoped 5 %, so that precise out-diffusion data could be

InP are reported. The implanted layers were obtained.

studied under various anneal conditions. The distribution of holes after annealing was

Substrate effects were also investigated by measured with an electrochemical C(U)-profiler

comparing implants into LBC-, LPN- and XECVD- (8]. Measurement values were corrected to

grown laP. Furthermore, preliminary results of include the effect of series resistance.

additional Implantations of P- and In-ions are

reported.
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A typical annealing result for a dual energy Be TA E 1: Be out-diffusion as a function of dose

implant of 20 and 50 keV into LBC-InP is shown Implanted dome out-diffusion

in Pig. 1. The two BIM curves masured before
5.401+13 cx-2 57 %

and after the anneal show that substantial 1.351414 0a 71 :

Samounts of Be have been lost. The loss amounts 2.751+14 ca-a 71 %

tQ 71 % for a dose of 2.75E+14 cm-2 and an 2.00E15 Ca
-
2 94 %

anneal at 850 OC for 1 minute. Even for a 6"

anneal at 800 OC out-diffusion 1o06 % . Out-

diffusion depends on implantation dose, but is

still severe for smller domes (Table 1). Apart from out-diffusion, there is only minor

in-diffusion. For longer annealing periods in-

diffusion increases.

The hole concentration profile shown in Pig. 1

indicates that a minimum of about 50 % of the Be

atoms is electrically active resulting in a

saximum hole concentration of about 21+18 ca-2 .

Electrical activation approaches 100 % for lower

Be concentrations.
0 Electrical activation Is very low f-.r a 6"

U 18 anneal at 850 OC. Results of 30" anneals are
U

comparable to 11 anneals. Annealing periods ofIC
about 1 minute at 850 OC therefore represent

optimua conditions.

.2 Kole concentration profiles of annealed Be-

el.. . ' . Implants into LEC-laP have been very
.2 .4 .6 .8 reproducible for several annealing and

Depth [m] ----- > implantation runs. However, this is not

necessarily so for implantations into LPE-InP.

where even with ETA significant in-diffusion of

Be is observed occasionally (Fig. 2).

Surprisingly, by reducing the anneal temperature

FU 1to 800 OC in-diffusion can be reduced and the

uxiaus hole concentration can be increased. No

SU profiles for a 20+50 key Be-implant before similar effect Is seen with LIC-InP.
(0) and after (e) an anneal at 850 oC-l, showing Results for Be Implants into EOCD-grown InP
substantial out-diffusion of the Implant. Total were comparable to implants into LBC-InP.
Implanted dose was 2.752+14 c.w2, The resultant
hole concentration profile Is also indicated These data indicate that annealing paraseters
(4). Electrical activation is better than 50 % . my have to he modified for differently grown

InP to obtain optima results.
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SINS profiles for a 30+100 key Be-implant before Effectedf a e400 ketIn implantationand on a Be-
(0) and after an anneal at 850 OC showing that

r the implanted aterial can have a significant parameters and plotting symbols are identical

influence on Be-redistribution strong in- with Fig. 1.

diffusion i observed in this case for LPB-InP
(); very little in-diffusion is observed for
LBC-InP (M). Implanted dose has been
5. 0B+14/c*2.

Similar profiles are obtained for an accitional

In an attempt to increase the maximun hole 260 key P-implant, which (presumably) matches

concentration additional P and In implantations the 50 key Be-implant: again the hole dose is

were performed. Both ions were implanted to give doubled. The enhancement In hole concentration

a mximum concentration of I.O+10 cm
.  is significantly larger than has been observed

Fig. 3 shows the annealing result for an for a Zn+P implant M7.

additional 400 key In-implant performed after a These results clearly show that higher hole

20+50 key Be-implant. By comparing the Be-atom concentrations can be obtained, if out-diffusion

profile after annealing with the corresponding is reduced. However, for a 1 minute anneal at

profile in Fig. I, it become evident that Be- 850 11C, this is accompanied by a broadening of

out-diffusion is reduced and amunts to 45 % the doping profile, which night be attributed to

the formetion of an amrphous layer by the

In addition, the Be profile is significantly heavy-ion implant E9). A further investigation

broader In the upper concentration range. Both of this effect is underway.

effects almst double the hole dome.
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CONCLUSION BCB

Shallow p-type layers in undoped InP can be (1] J. P. Donnelly, lucl. Instr. h Methods,

obtained by Be implantation in conjunction with 182 (1981), p. 553

rapid thermal annealing. (23 K. Gauneau et al., J. App1. Phys.,

The most prominent effect occuring during 57 (1985), p. 1029

annealing Is Be-outdiffusion with almost no in- (3] T. Inada et al., J. Appl. Phys.,

diffusion. The reason for this is not known at 52 (1981), p. 8623

present. (4] U. Kdnig et al., J. El. Materials,

Co-implanting matrix aton reduces out- 14 (1985), p. 311

diffusion, but this may simply be due to (5] A.N.N.K. Choudhury et al., Appl. Phys.
Lett. 43 (1983), p. 381

amorphous layer formation. A high-dose co-

implantation of Ar, however, does not produce a [6) H. Krautle, Proc. ICSICT 1986, p. 214

similar effect. [7) M. Djamel et al., paper presented at

More research is necessary, if an understanding ESSDERC 1985

beyond that required for device fabrication is (8] T. Ambridge and X.. Factor, Inst. Phys.

desired. Conf. Ser. No. 24 (1975), p. 320

E9] J.H. Wilkie and B.J. Sealy, paper presented
at ESSDERC 1986
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A GaAs-AIAs superlattice grown on an undoped GaAs substrate has been inplanted with
300 keV protons to a fluence of 1E16/an . The inplanted hydrogen and the deposited
Al atoms have been depth profiled using secondary ion mass spectrometry (SIMS).
Measurements of the as- inplanted sample show that the hydrogen depth distribution is
similar to that found previously with proton inplants into bulk GaAs. Near the
surface, the Al depth profile exhibits an alternating pattern characteristic of the
superlattice compositional pattern. Annealing the sanple, at temperatures fron 300
to 700 C for a period of 20 minutes, causes the hydrogen to redistribute itself both
towards the surface and deeper Into the crystal. However, rather than diffusing Into
the substrate as in bulk GaAs, the SIMS profiling shows the hydrogen stopping and
accumulating at the superlattice/substrate interface. The hydrogen density at the
interface is quite significant and, even after a 700 C anneal, is still above
iEi8/cc.

1. INIHOOJTIGM photodiodes [4].

The synthesis of high quality III-V semi- Research in the past few years has shown

conductor superlattices has intitiated the that protons are very active entities in sent-

development of a new class of mteriali with conductors and are capable of producing optical

isportant consequences in the area of opto- [5] and electronic effects [6]. Since these

electronics. These multilayer structures have effects may interfere with device performance,

been used in a variety of applications including it is inportant to understand the behavior of

optical, electronic, and microwave devices, protons In potential device structures. In this

Mn of these applications require further paper we report on the distribution of protons

processing, especially with the use of Ion inplanted into a GsAs-AIAs superlattice. The

inplantation, to produce necessary electrical depth distributions of both the inplanted

insulation, optical index definition, or layer hydrogen and the deposited Al atons are

mixing. Proton inplantation of GaAs multi- determined using secondary ion mass spectrometry

layered structures has been a valuable (SIS). The changes in the hydrogen

processing technique for such purposes and has distribution due to furnace annealing are also

yielded optical waveguides (1], coupled laser investigated and compared to the behavior of

arrays 121, millimeter wave mixers 13], and toplantedhydrogen inbulkOGAs.

* Portions of this work were supported by the US Amy Research Office.
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2. 1 0 inCl MITIGNS 1021

The superlattice used in this study AtU ST-21 AGM sLETT E

consisted of alternating layers of GaAs and AIM II 300 k@y

grom on an undoped, semi-insulating GaAs 102 1o 18x1ICM'

substrate. The total thickness of the super-A DI M ORIENTATION
17 ROOM TEMPERATURE IMLANT

lattice was estimated to be 6 micraneters with I * ANNEALED FOR 20 min AT
B TEMPETUE SHOWN

the individual layers being 73 A for GaAs and 40 19 NOANNEAL

A for AlAs. From these thicknesses, the average SWOC

aluminum concentration of the superlattice was ooc I - C

0.354. Growth conditions relating to the Z t ..olec' '

suerlattice and characterization of the layer

parametera have been previously reported >.

7 The superlattice was inplanted at roan 0

tmperature with 300 keV protons to a fluence of NO |ANNEAL I

1E16/cc. The ion bean was incident at an angle 101E i I I X

of approximately 8 degrees from the 100 0 2 4 6 a 10 12 14~~DEPTH, pr

direction. After iaplantation the sample was

cleaved into sections which were annealed in a FIGURE I

flowing gas furnace for 20 minutes. The

annealing tmperatures ranged from 300 C to 700 The as-inplanted hydrogen depth profile is

C. The annealed sanples and an as-isplanted similar to that obtained for hydrogen inplanted

piece were then examined using SM1S. Both the into bulk GaAs [8]. However, the peak of the

inplanted hydrogen atoms and the deposited Al distribution Is deeper than that found for bulk

were depth profiled. The SIMS measurements were GaAs. The SIM profile for the sample annealed

made using Ce ion sputtering and the background- at 300 C shows that the hydrogen has started to

subtracted sensitivity for protons in GaAs was redistribute itself. There is a slight movement

apprximately 1E17/cc. The depth accuracy towards the surface but Most of the

achieved in these measurenents was about 7 %. redistribution is deeper into the crystal. This
is very similar to the behavior of hydrogen in

3. EjPEJROM ,L I.,S bulk GaAs. However, with the inplantation into

Figure I shows six SIM profiles that were a superlattice, a significant fraction of the

obtained in this study. Qh this depth scale the hydrogen atom stop and accumulate at the

Al concentration appears nearly constant to a superlattice/substrate interface. There is a

dpth of about 6 micraiters after which it tail to the distribution that extends into the

drops sharply to zero. This fall-off is taken substrate but the majority of migrating hydrogen

as the location of the superlattice/substrate atom are collected at the interface. The

interface and agrees with the estimated hydrogen density in this region is greater than

thielmess of the superlattice. Near- surface 10% of that at the peak of the distribution.

S1M profiling with a much finer depth The SM profile for the sample annealed at

resolution did reveal an oscillatory pattern to 500 C continues this development. The upward

the Al conmntration with a period consistent movement of the hydrogen is more pronounced and

with that measured for the layers using x-ray has nearly reached the surface. The density of

diffraction. hydrogen at original projected range has
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decreased to less than 10% of its orignal value, the initial stages of epitaxy. In an optical

These changes are again similar to those study of a related superlattice [91, a graded

occurring in hydrogen implants into bulk GAs. optical index in the interfacial region was

The density of hydrogen at the interface has required in order to obtain a best-fit solution

increased to a level of more than lI19/cc and to an infrared reflectance spectrum. Thus, the

now exceeds the density of the hydrogen at the results of these two different experiments may

original peak of the distribution, be manifestations of the same physical inper-

With annealing at 600 C sane of the fections at the interface. In one case, the

hydrogen has reached the surface and escaped. imperfections may lead to optical changes, and,

The concentration at the projected range is in the other, to the trapping of hydrogen.

about 1% of the original umount which again Furthenrore, since the hydrogen density can be

agrees with the behavior in the bulk (bAa. The quite high at the interface, unwanted opto-

hydrogen density at the interface is still at a electronic effects may occur in devices based on

level of IE19 /cc and shows very little change such processing techniques.

from the previous anneal. At this stage most of

the residual hydrogen is in the Interfacial A00UNLNXNMITS

region. The authors wish to thank W.D. Laidig for

Further annealing at 700 C continues this the superlattice used in this study.

trend with most of the hydrogen concentrated at

the interface. There is also a near-surface REFFRHM

cmponent of the distribution that has not yet [1] Garmire, E., Stoll, H., Yariv, A. and R. G.

escaped from the crystal. The density at the Hunsperger, Appl. Phys. Lett. 21 (1972) 87

original peak is now greatly reduced, about [2] Scrifes, D. R., Streifer, W. and Burnham, R.

1/10% of the as-implanted density. At the D., IEEE J. Quant. Electon. QE-15 (1979) 917

interface the hydrogen density shows same [3] O'Hara, S., Speight, J. D., Leigh, P.,

reduction but is still greater than 1Ei8/cc. McIntyre, N., Cooper, K. and O'Sullivan, P.,
Proc. Int. Conf. on Millimetric Waveguide
System ( London:IER, 1976)

4. (0I=INS [4] Lindley, W. T., Phelan, R. J., Wolfe, C. M.
The results of these SIM measurements show and Foyt, A. G., Appl. Phys. Lett. 14 (1969)

that the distribution and migration of hydrogen 197

implanted into a G(a-AlAs is very similar to [5] Liou, L. L., Spitzer, W. G., Zavada J. M.
that found with Implants into bulk G&Us. 7he and Jenkinson, H. A., J. Appl. Phys. 59

thatfoud wih ipians ito blk b~a.~he(1986) 1936
projected range and general nvement of the

is nearly the [61 Chevallier, J., Dautremant-Smith, W. C., Tu,hCydrogen with furnace annealing iW. and Pearton, S. J., Appl. Phys. Lett.
son. Hmver, the presence of the superlattice/ 47 (1985) 108

substrate interface has a major effect on the 7 Laidig, W. D., Blanks, D. K. and Schetzina,

migration of the hydrogen deeper into the J. F., J. Appl. Phys. 56 (1984) 1791

crystal. The hydrogen atae are impeded by the 181 Wilson, R. G., Betts, D. A., Sadara, D. K.,

interface, are collected there, and remain in Zavada, J. M. and Humsperger, R. G., J.

that region to high density levels, even after Appl. Phys. 57 (1985) 5000

arealing at 700 C. This acuMlation process 191 Zavada, J. M., IIMbler, G. K., Jenkinson, H.

my be the result of lattice strain at the A. and Laidig, W. D., Proc. Met. Res. Soc.,
Mterials for Infrared Detectors and Sources

smprlattioe/substrate boutdar Or nay be due to (1997)
dislocatios ad imperfections arising during
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C1.2.4

NULTIPIAL PLAWA TREATNENTS OF Iw.Sf6O.47As SURFACE FOR NIS DEVICES APILICATION

N. Renaud, P. Boher, J. Barrier, J. Schneider, J.P. Chant

Laboratoires d'Electronique et de Physique Appliquie,*
3, Avenue Descartes - 94451 LINEIL BREVANNES CEDEX (France)

Multipolar plasma treatments combined with a high vacuum system and a monitoring by ellip-
sometry have been developed to achieve high electrical quality InGaAs/Si N4 interfaces.
Interface states density in the low 1011 cm- 2 eV- 1 are obtained under controlled condi-
tions, which is therefore suitable for a MISFET technology.

1. INTRODUCTION temperature and energetic particules. Besi-
1.1. InGaAs is now widely used for the fa- des, these compounds are not stable at the

brication of optoelectronic devices for long contact with their oxides [31 and native oxi-

wavelength optical fibers telecomunica- de is often thought to be responsible for the
tions. Due to its excellent electronic pro- current drift observed in InP [41 and InGaAs

perties and to the possibility to achieve the [51 MISFETs.
monolithic integration of optoelectronic de-

vices with electronic components, the fabri- Removal of native oxide prior to the deposi-
cation of InGaAs field effect transistors tion of an insulating layer should overcome
(FETs) is of great interest. Such FETs would these problems. However this step must be

also be suitable for high speed logic. Seve- carefully realized, otherwise it can produce
ral different kinds of InGaAs FETs are consi- large damage on the surface. A process using

dered and insulated gate FETs (MISFET) [1] a ultra high vacuum system and multipolar
and junction FETs (JFET) [2]are mainly inves- plasma treatments has been developed and suc-
tigated at present. Both devices require an cessfully used on GaAs for the passivation of
insulator deposition step which is very cr1- MESFETs [61, [7]. A similar approach is ap-

tical. In the MISFET, the quality of the in- plied on InGaAs for the fabrication of MIS
sulator/nG&As interface directly determines devices [8]. This paper will describe the va-
the performances of the device while for rious steps of the passivation scheme for
Junction FETs (and also PIN photodiodes) the InG&As (oxide removal, nitridation and Si3N4
quality of the insulator/InG&As interface deposition). Dependence of treatment condi-
settles the efficiency of the passivation and tions on the electrical characteristics of
so the leakage current of these devices. MIS structures will also be discussed.

The achievement of a good insulator/semicon-
ductor Interface is difficult on I1-V com- 2. EXPERIMENTAL
pounds because of their sensivity to high The multipole first used by Limpaecher and

*LEP : A Nmber of the Philips Research Organization.

This work Is supported by the European Comunity (ESPRIT project 927)
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ftu.nzie [9J consists in an electron emitter leads to use plasma densities lower than

(a hot filmnt) negatively biased (typically 1011 cr 3 [8]. The removal of native oxide is

20 to 100 V) with respect to the walls of a achieved by a beating at 240 C followed by a
magnetic container". The primary electrons Hydrogen reducing plasma at 185 *C. Between
mitted by the filament are confined by per- each step, the sample is cooled back to room

manent magnets mounted around the walls of temperature in order to perform SE measure-

te chaer, and ionize the low pressure ga- ments required for a precise analysis of the
ses. This configuration produces chemically surface state. Figure 1 shows the experimen-
active species without high energy ions and tal KE trajectories measured at 3.7 eV during

dense planas at low pressures. The plasma heating at 240 C and further cooling under1 conditions are dependent upon four parame- high vacuum. Theoretical trajectories corres-

ters: the filament bias, the discharge cur- ponding to various native oxide thicknesses
rent between filaent and vessel, the total and substrate temperatures [8] are also drawn

pressure and the composition of the gases in on this Figure and show that the initial sur-

the plasa. Our experimental system, descri- face is covered with about 10 A of native
bed elsewhere [101, is equipped with an el- oxide which is reduced to about 5 A after the
11psooter to monitor the whole passivation first heating. In spite of the high vacuum,
process by kinetic (KE) and Spectroscopic the surface is slightly reoxidized during the

(SE) Ellipsometry measurements. first cooling (24 h). However, the second

heating (185 "C) regenerates the previous

In o ao.47As laers lattice-matched to surface. The H2 reducing plasma at 185 *C

n+ InP substrates are grown by vapor phase during 1 min 30 s completely removes the na-

epitaxy using the chloride method. The InGaAs tive oxide but leaves also a reactive surface

layers, about 3 m thick, are unintentionally which reoxidizes during the second cooling.

doped with a residual carrier concentration

around 1015 cm3 (n type), room temperature A61 1 Expmeta pt at rom tmnperalwe

and 77 K mobilities respectively of the order 1) .

of 9000 cat V'ls -1 and 40 00 cm2 Vs-1. The AT 05*
samples are chemically cleaned in solvents

and deoxidized in diluted H before introduc-
tion into the ultra-high vacuum system. After 109 HEATINaG2
passivation, a one-hour annealing at 400C is 20

performed under Ar or H2. Finally, Ti/Au dots

are evaporated through a metal mask and an- 105
nealed 15 mn at 400 "C under argon or hydro- " L

gen. Electrical characterizations are perfor- 1 115 1 Vr)
med with a HP 4192 A impedance analyser to FIGURE 1
measure capacitance and conductance versus Kinetic Ellipsometry trajectories measured at

voltage from 500 Hz to 10 MHz. 3.7 eV on InG&As sample during in situ native~oxide removal.

3. PLASMA TREATMENTS OF InGaAs SURFACES 3.2. Native nitridaton

3.1. In situ removal of native oxide. As previously discussed, the clean surface

Removal of native oxide must not degrade is very reactive and needs to be stabilized.

the InGeAs surface by introducing roughness For this purpose, Nitrogen, which has the
or perturbations In the stoichiometry. This sae valence as As, Is used to saturate all
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danging bonds at the surface. After a variation of stoechiomtr'y.
heating at 205 "C vhich eliminates all
adsorbed atoms, a N2 plasma is performed at I ,i

.150 *C during I min. KE trajectories repre- "AIN awe

seated on Figue 2 show that about 11 A of
native nitride are formed during this step. td24AIe as.

Mn IEAT951t 2S'( WE5 E.LVaw

ill ~N LAM at W5'
W us INS mu 1 4 il mCT S

~, Z WAVMWTH 31M1 C04)

37 $ FIGURE 3

20 Infra-red absorption spectra of silicon ni-
35 *AE~ mi~rm1maaw tride films.

a1 17.5 1 Y181 4. ELECTRICAL CHARACTERISTICS
FIGURE 2 MIS structures have been first fabricated

on untreated InGaAs surfaces (i.e. with~Kinetic E11ipsometry trajectories measured at
3.7 eY on InGaAs sample during the native ni- native oxide) in order to test the influence
tridation. of the stoichitmetry of the silicon nitride

3.3. Silicon nitride deposition film on the electrical properties of the

After the mcleaning" treatment of the sur- interface. The 1 MHz C(V) curves presented on
face. the sample is transferred under ultra Figure 4 show that the modulation of capaci-

high vacuum into the deposition chamber. A tance increases when the deposition rate

silicon nitride film, about 700 A thick is decreases or when the films approach stot-
deposited at room temperature on the passiva- chiometry. On the contrary, films containing
tion surface using a multipolar plasma of a large amount of oxygen and NII bonds lead to
SiH4 and N2. The stoechiametry of this film poor electrical properties and a nearly
has been show to strongly depend upon the pinned Fermi level. However the interface
deposition conditions [11] and especially on state density is still large (in the range of
the SiH 4/N2 ratio, the discharge current, the 1012 cm- 2 eV-l) in the best case.

total pressure and the substrate temperature
for a given bias on the filament. Using spec- Kinetic and spectroscopic ellipsometry

troscopic ellipsametry data, films have been have shown that multipolar plasma treaments
modelled by a mixture of pure S3114 and of the InGoAs surface can completely remove

S102. The concentration of oxygen in the film the native oxide without optical degrada-
increases when the deposition rate increa- tion. Electrical characteristics of MIS
sos. Besides, Infra-red absorption analysis structures fabricated using different plasma
of films deposited on low doped Silicon conditions for the oxide removal have been
wafers show. that these films never contain measured by the conductance method 112J. A

SI-H while a few N-H exist in case of a depo- typical set of C(V) curves recorded at va-
sitiun rate higher than 24 W/in (Figure 3). rious frequencies on an undegraded surface is

SIN *axftu aboftion peek varies also with show in Figure 5. A large capacitance
the deosltion rate in agreament with the modulation is observed on the high frequency
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i can be explained by electron Injection
~. .- ~into the interface as proposed by Heiman and

lbrfield 113). The interface state density

NS was measured as a function of band ben-

- Oh ding on MIS structures by the conductance
technique.

411

0.2

-1 -- - - 0 2 & 1

VOLTAGE (VOLT)

FICIUE4 S
I MHz capacitance normalized to the insulator-I'
capacitance Ci versus voltage of InGaAs MIS.02
structures. _____a____ --___

No4to 10S 106 101

soFRlEdUEIICY 014i

4.0 *z SHRT PASKAFIUME 6

30-AtoALING H2 ~ Equivalent parallel conductance Gp/w) versus
.9 frequency of MIS structure described in

figure 5.

46 401ftIn Figure 6, the equivalent parallel conduc-
IN.

tance divided by the angular frequency (Gp/w)
is represented versus frequency for a MIS

r - structure fabricated on a GalnAs surface
.5 - -3-2 - 0 2 34 5treated in a plasma containing a low con-

VOLAGEIVOT)centrati on of i oni zed hydrogen. The SIN~
VOLTGE (OLT)film has been deposited under optimized

FINKE 5 conditions discussed previously and annealed

Typical set of C(V) curves at various fre- udrN.TeeG/ essfeunycre
quencies for an InGaAs surface prepared in a follow the classical curves for the Si-5102
plasma with a low concentration of ionized syste (but at higher frequencies due to the

hydrgen.smaller band gap of InGaAs), being nearly
10 MMz curve together with a wmall capacitan- flat near flatband and peaked in weak
ce dispersion in the accumulation region. The inversion. Figure 7 sumarizes NS data
I kft C(V) curve clearly shows inversion of determined by the conductance technique on
the In~aMs surface. For clarity, hysteresis HIS structures in which the plasma conditions
has not been dram but a clockwise hysteresis for oxide removal and the annealing gas are
of ab~ 0.7 V amplitude is observed with a the only varied parmeters. A low concen-
simep voltage rap of 40 W/s. This hystere- tration of ionized hydrogen leads to a low
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interface state density in the range of trical properties of MIS structures. NSS in
(3-5)xlO 11cm-2eV-1. Nearly pinned Fermi level the low* 1011 cm-2 ev-1 indicates that the
is obtained when increasing the exposure time optimized passivation process is suitable for
and the density of the plasma treatment. a MISFET gate insulator.
Annealing under hydrogen is also influencing
the electrical properties of the Si3N4/InGaAs ACKNOWLEDGEMENTS

interface.

frmultipolar plasma treatments of InGaAs
A+B Arsurface and E. Boucherez for the fabrication
8 Ar of test structures.
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IP.4. - INVITED PAPER

VISIBLE LIGHT a-SIC THIN FIU LED AND ITS APPLICATION TO NEW OR-FUNCTIOAL ELEMENTS

Yoshihiro HAKAKAWA. Dusit KRUANGAM, Hiroaki OKAOTO and Hideyuki TAKAKURA

Faculty of Engineering Science, Osaka University,
Toyonaka, Osaka 560, Japan.

A visible-light injection-type electroluminescence thin film diode made of
amorphous silicon carbide (a-SiC TPLED) has been developed. The device has a basic
structure of p (a-SiC)/i (a-SiC)/n (a-SiC). The emission color could be controlled
from red to green by adjusting thl carbon content x in the a-Si _ C luminescent
i-layer. The brightness of 5 cd/m yap obtained for the yellow L6Ath a forward
injection current density of 200 mA/cm . A series of technical data on the device
fabrication technology, injection efficiency improvement and resulting device
characteristics are presented, and discussed in relation to the carrier injection
and recombination mechanisms. The developed a-SiC LED has some significant
advantages over the conventional crystal LEDs, such as wide area, ease of
fabricating integrated type multi-color or tunable color LEDs, and low cost.
Utilizing these unique significances. new type of opto-electronic functional
elements are proposed and discussed.

1. INTRODUCTION a-Si:H and also a-Si:H p-i-n junction at low

Since the recent success of valency electron temperature in 1976 (9). Since then, the same

control in the glow discharge produced kind of observation has been reconfirmed by

amorphous Silicon Carbide (a-SiC:H) in 1981 several groups (10-13). Recently, a visible

(1), so called amorphous silicon alloy age has electroluminescence has been observed by

opened up, and a group of new materials such as Hunekata et al (14) and Hatsunami et al (15)

amorphous silicon-germanium (a-SiGe:H), in ac-driven a-SiC:H layer sandwitched with

amorphous silicon-nitride (a-SiN:H) and insulating layers. The operation voltage was

amorphous silicon-tin (a-SiSn:H) have been more than 100 V, because this emission was

successively born in the following few years. based upon an intrinsic electroluminescence.

The significance of this material innovation is For the practical application to a thin film

that one can control electrical-, optical- and display panel and/or opto-electronic coupled

also opto-electronic-properties by controlling functional element, we do need more low

atomic compositions in the mixed alloys, threshold voltage device by an injection type

Therefore, a wide varieties of application electroluminescezact

fields has also been opened up for this new We have challenged along this line and tried

electronic material. In fact, a-SiC/a-Si to develop a visible light injection

heterojunction solar cells (2). a-Si/a-SiGe electroluminescence a-SiC:H p-i-n diode (a-SiC

stacked solar cells (3), superlattice devices TFLED). and succeeded in obtaining red, orange,

(4), a-Si/a-SIN thin film transistors (5), yellow and green color emissions.

photo-receptors (6), X-ray sensor (7), color The purpose of this paper is to present

sensors (8) etc have been developed and some of technical data on the material preparation and

them are already in conercial market, its optoelectronic properties, cell structure,

On the electroluminescence in a-Si, fastly, LED characteristics and mechanism

Pankove et al have reported an infrared identifications. The developed TFLED has

emission from a shottky barrier interface of various attractive advantages; it can be
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relation between the optical energy gap of

To WC undoped a-SiC:H and the fraction of carbon
_f P hydride gas ued in the reaction ga. The

30dilued with H2 hue 101 C3ION5hSdmdd 8-8IC:H ,.# optical gap of a-SiC:H increases monotonically

from 1.7 eV to more than 3.0 eV with increase

Ci4~. ~ in the carbon gas fraction. It should be noted

25 a ~~that the optical gaps of C2 - andC 2 -bae

•i4.H4 n/ a-SiC:H are larger than those of CH 4 - based

Q/ a-SiC:R. Since the missive photon energy

2.0 should be essentially limited by the optical

gap energy, a-SiC:! possessing a wide band gap

0 10 20 30 40 So S0 70 80 90 100 is preferable for obtaining visible emission.

FRACTEN OF CARONW WYME GAS i ) The a-SiC TFLED developed in this work has

a structure of p (a-SiC)/i (a-SiC/n (a-SiC).Fig.2 Yariatione of opticl energy gap ,j"
a-SiC: with oarbon hydride gas Jfaotion In this type of device, p (a-SiC) and n (a-SiC)
i.n t;he aoaCe gas SH 4 . act as the injectors of holes and electrons

into the luminescent active i-layer, and

operated with a much lower applied voltage as thereby the LED performance primarily strongly

compared with an intrinsic EL type, and this depends on the carrier injection efficiency.

results in the possibility of coupling with its Therefore, it is of great importance to have a

driving circuits, e.g.. crystalline integrated wide-gap with highly conductive p- and n- type

circuit or a-Si thin film film transistor, and a-SiC as injector layers. For this purpose, we

one can construct a 3-dimensional opto- adopted the cross-field plasma CVD technique.

electronic integrated circuit (OE-IC). In this It has already been demonstrated (16) that an

paper, possibilities of this kind of new application of positive DC bias voltage at the

applications are also proposed and discussed. substrate results in a drastic increase of the

dark conductivity of boron doped a-Si:H. In

2. PREPARATIONS AND PROPERTIES OF a-SiC:H this work, the similar effect of DC bias

a-SiC:! films were prepared mostly by the voltage has also been found in a-SiC:H systems.

cross field plasma CVD system (16). The plasma Moreover, an increase of the optical gap has

is excited by rf (13.5613:) power in parallel been found for example, from E -1.87 eV to 2.00

to the substrate surface. An additional DC bias eV (17).

is applied vertically to the substrate. As is Another approach we have tried to prepare a

now well recognized, material properties are wide-gap highly-conductive p type a-SiC

sensitive to the electric potential near the injector is by using Electron Cyclotron

substrate surface. The DC bias is then used to Resonance (ECR) plasma CVD. The details of

adjust this substrate potential so as to obtain the ECR CVD and preparation techniques have

the required material properties, such as high been reported in our recent paper (18). A

electrical conductivity and wide optical band result of the relation between the dark

gap of injector layers. The substrate conductivity and the optical energy gap of

temerature is 180"C. The total gas pressure boron doped p a-SiC prepared by ECR plasma CVD

during the deposition is I torr. CH4 , C2H4 , and by conventional rf plasma CVD has been

C2! 2 or I=g (tetramethylsilare) were used as shown in Fig.2. Ac can be seen, as the

carbon source games. Pigure 1 shoys the optical energy gap increases, the dark
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.. . . .. ... .. .. ..- ~ - - -

.2 ''' *,1'4i 'f * , ' (a-SiC)/ n (a-SiC)IAl as shown in Fig.3. The

-,l- thicknesses of p- and n- (a-SiC) injector

A layers are 150 A and 300 A. respectively. The! -- A _. by ECR_'PLASMA CVO -a e a
E A A -,bC optical band gap of the luminescent i-layer was
al.o varied in the range from 2.2 to 3.7 s. The

N. substrate temperature and the total gas

pressure during the deposition are 180"C and I
kI- -4
;10 torr, respectively. It should be noted that

10 1 0 "ed . .the a-SiC TFLED formed on a milky-rough

10-$- e0 by ri PLASMA CVO ITO/SnO exhibits larger electrolminescent

011_. (EL) intensity than that formed on a smooth

aS -  
_ITO/SnO 2 by one order of magnitude. This may

ig San doped a-SiC:H be due to both a better electrical contact

li 1[ [, , , I , I . between ITO/SnO2 and p a-SiC, and a reduction

I9 2.0 2.1 2.2 23 2.4 2.5 2.6 2.7 LB 2.9 of apparent refractive index of the p-layer.

OPTICAL ENERGY GAP E, (eV) Figure 4 shows a schematic band diagram of a

Fig.2 Relation betw n the dark-oondzotivity Al
and the optical gap X-o of boron doped p-type
a-SiC prepared by ECR plamia CVD and rf
plasma CVD. . -SIC (300A)

~ as-SiC (250- 1000A)
-, _ a -SiC 1150 A)

ITO SnO2

conductivity (oD) for the materials prepared by .-- Glass substrate

rf plasma CVD rapidly decreases. While aD for

the materials prepared by ECR CVD still retains
(S/cu) even the optical energy Fig.3 A schematic illustration of a-SiC

higher than 10- (p-i-n junction TFLED formed on a

gap exceeds 2.5 eV. The highest aD obtained is gae/ITO/SnO2 substrate.

20 (S/cu) as shown in the mark,- and the

material has an extremely small AE (E-EKV) less (2a-sic I a-SIC i a-sic

than 0.1 eV with a low content of hydrogen (2I/t /

content around 5%. The results from Raman

spectra measurement have shown that the

material prepared by ECR CVD has a

microcrystalline phase. It is noted here to

avoid the degradation of ITO/SnO 2 electrode W ZERO BIAS

caused by the hydrogen radicals in the ECR

plasma that the TILED device structure has

been modified to be an invert type, that is

ITO/SnO2 /n-i-p/Al, in which the n- and i-layers,'

were prepared by rf plasm CVD and p-layer by

CR CVID.

(bi FORWARD SIAS

3. BASIC CHARACTIUISTICS OF a-SiC p-i-n TILED

a-SIC TFLED developed has a junction F'g.4 Energy band diagr ns of a-SiC £.-Z-
s ctr ction TFLED at thermal equilibriun (.

structure of glassITO/SnO2 /P (a-SiC)/i and forward bias (b) conditions.
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for various optical gaps of i layers( 2.29,

/ 2.48, 2.58 and 2.64 eV.). In these samples,

- fethe thickness of the i layer was set at 1000 A.

A can be seen, even though a-SiC is used for
E 03infrared red orange. e
U - e the i layer, the rectification ratio of more

104 than 106 is obtained at 5 V for the sample with

- E -2.29 eV. However, it should be remarked

t 1u.9 *V 1,.-246 v that when the optical gap, or in other words

z 6, - the carbon content, of the I layer increases,

a -7 the threshold voltage tends to increase. The
10

z Catthreshold voltage is here defined as the
E voltage required to give a current of 10-

2
U 169C" A/cm . This might be partly due to the

/ g.2.64 "V ;increase of series resistance in the i layer

itself and to the increase of the barrier
10-I1t . . . . .

0 5 10 15 height at both p/i and i/n interfaces.

VOLTAGE (VI Here, we will briefly discuss the carrier

transport mechanism in the a-SiC p-i-n
C 7g. 5 J-V ohrateia tics of a-SiC p-i-n TFLL i .s J hV oh t atio of a-Sip-i-nr T junction. When the tunneling process
E denotes the optical gap of i-laye r.

thickness of i-layer in the case is 1000-4. dominates the diode current in the high voltage

region, it is expressed by (20):

SiC p-i-n junction in thermal equilibrium (a)

and forward bias (b) conditions. In this LED, oc Elexp[-4Vm-T (0&)/3qhE, (1)

injection electroluminescence can be observed

only in a forward bias condition. In order to where J is the current density, E the applied

obtain a visible luminescence, the optical band electric field across the i layer, and m

gap of the i-layer has to be larger than about denotes the effective mass of the carrier, q

2.5 eV, as dedced from the results of the the electron charge, il the Planck constant. B

photoluminescence. While the optical band is the effective barrier height for tunneling

gaps of p- and n- a-SiC layers should be which in this case corresponds to the band

chosen around 2.0 eV to ensure the effective discontinuities AE or AE
c v

valency controllabllity to p or n. Thus, Figure 6 shows J-V characteristics of a-SiC

there should exist band discontinuities at the p-i-n junctions for forward bias voltage, where

p/i (AEv ) and i/n (AEc ) interfaces. These the optical gap of the i layer is 2.68 eV and

band discontinuities have been estimated from the i layer thickness is varied from 500 to 750

the results of the internal photoemission A. If a tunneling process dominates and an

measurement (19). For instance, for E0 of i applied forward voltage V is uniformly

layer = 2.58 eV and R° of p-,n- layer - 2.00 distributed through the sample of thickness d,

eV, the conduction band discontinuity AR at eq.(l) suggests that log(J/V 
2
) should have a

the i/n Interface and the valence band linear relation with 1/V. In order to verify
discontinuity AKv at the p/i interface are 0.19 this relation, the J-V characteristics are

eV and 0.48 eV, respectively. replotted into the log(J/V
2
) vs 1/V in the

Figure 5 shows logarithmic plots of the J-V inset of Fig.6. The inset figure reveals that

characteristics measured at room temperature lo$(J/V
2
) is in proportion to 1/V in the high
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Fig.6 J-V cha cteriatice of OROGE a-SiC Pig.7 Log-log plots of EL intensity vd
TFLED as a function of i-layer thickness. injection current density for various
The optical gap of -layer is 2.88 eV. ;ptical gaps of p-layers.
The inset shows J/V -2/V plots indicating
a tunneling injection in the TFLED8.

injection current density measured at room

voltage region, where we can observe the temperature. The solids lines are for the

electroluminescence. The effective barrier n-i-p types, of which the p-layers were

height can be evaluated from the slope of these prepared by ECR CVD. For comparison, the

curves. Assuming that the effective carrier result of p-i-n type, in which all layers were

mass is just equal to the free electron mass, prepared by rf plasma CVD is shown with the

the effective barrier height has been found to -broken line. The optical energy gaps for n-

be about 0.25*0.03 eV. This value is close to and i-layers were 2.0 eV and 2.92 eV,

the conduction band discontinuity at the n/i respectively. It is likely that the n-i-p type

interface AEc '0.22 eV, which was estimated from is somewhat inferior to the p-i-n type. This

the internal-photoemission. The above might be due to: 1) the effect of residual

discussions lead to a conclusion that the phousphorus impurity inclusion in the i-layer

dominant current in the high voltage region (21) and 2) the effect of internal-absorption

(5-10 V) is the electron tunneling current since the radiative recombination mainly takes

through the energy barrier at the i/n place in the i-layer near the i/p

interface. Since the energy barrier at the p/i interface(17). However, increasing the optical

interface Ag is larger than AE the hole energy gap of the p-layer in the n-i-p type,

tunneling current is considered to make only a the EL intensity gradually increases and

minor contribution to the total diode current. becomes higher than that of the reference p-i-n

For the electroluminescence, however, not only type by two times of magnitude. The EL

electrons but also holes must be injected into spectra for n-i-p LEDs are shown in Fig.8. As

the i-layer. Therefore, the hole tunneling the optical energy gap of p-layer increases.

current will play a central role in the the EL spectrum shifts towards shorter

electroluminescence (EL) property. Fig.7 shows wavelength and the emitting color drastically

the relation between the EL intensity and changes from red to orange and to yellow. The
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Pig. 8 EL spectrz of a-SiC TPLED as a .iinction pig. 9 stmaried data on the dependence of
of the optical gap of p-Lyer. The spectrw EL intensity, EL peak enrgy on the optical

of the i-layer used in the MED is also gap of p-Layer.
shown for oo arison. The thioknee of i-ayer

in the eae is 500A.

dash line shown in the figure is the PL

spectrum (excited by 365nm light) of i a-SiC

film identical to the one used in the n-i-p

junctions. It should be noted that as the

optical energy gap of the p-layer increases,

the EL spectra shift closer to the position

of the PL spectrum. Fig.9 summarizes the

dependence of the EL intensity and the peak

energy of the spectrum on the optical energy

gap of the p-layer. The results in Figs.8 and

9 indicate that the EL performances strongly

depend on the properties of the p-type

injector. The increase of the optical energy

gap of the p-layer decreases the barrier

height for holes to tunnel, or in other words,

lifts holes up to be injected into the

localized tall states locating closer to the Pig. 10 Exmple of a real yellow emitting
a-SiC TFLED. TYhe area oP the rabbit is

valence band edge of the i-layer and this about 115 m ae o

results in the improvement of the EL

performances. Figure 10 shows an example of

the application of a-SiC LED as a large area
2

display. The emitting area is about 115 mm
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The color is yellow and the brightness is optoelectronic integrated circuit (0-IC) with
2about 5 cd/a at the injection current of 20mA full utilization of unique advantages of a-SiC

and about 10V. TYLD and a-SI solar cell technologies such as
At present, further efforts have also been a wide area with low driving voltage and "es

being done to Increase the brightness by of ulti-layered structure by low temperature

another one order of magnitude in our process on any foreign substrates.

laboratory. By combining a new preparation Figure 11(a) shows a construction of the

technology such as ECR microcrystalline SIC, basic three OR-logic circuits by combinations

with new device structures; e.g.. superlattice of TFLED and TFPDA (Thin Film Photo-Diode

i-layer and stacked p-i-n/p-i-n etc.( 22), we Array), and (b) is the corresponding equivalent

hope that the final goal of the brightness for OR circuits. By combining these basic logic

a practical use more than 50 cd/ 2 should be circuits with the electrical or optical

overcome in the near future, storage, one can easily construct an ON-Shift

Registor, a Flip-Flop, a functional generator

4. APPLICATIONS TO OPTOELECTRONIC FUNCTIONAL and an adder. Therefore an OE-computer might

ELE4ENTS be developed.

Another realistic application of TFLED at With use of big significances of two

present stage of brightness would be opto- dimentional information processing in this

electronic (OR) functional elements. Since 0E-IC, the image convertor, image storage and

first proposal of optoelectronic devices by pattern recognition devices could be also

f E.E. Loebner in 1959 (23), considerable efforts developed. Fig. 12 shows a schematic

t have been paid to develop various OE functional illustration of the opto-electronic image
elements such as image convertor, image storage translator. In the figure, DIPUs (Distributed

devices etc (24). However no practical devices Image Processing Unit) are constructed by

have been developed so far due to mismatching integrated TFLEDs and a-Si solar cells. An

of opto-electronic coupling circuit and also extremely fast information processing can be

technical difficulties of the integration of done because of two dimentional parallel

electroluminor (EL panel) and photosensor access. A series of systematic basic research

(II-VI compound photoconductor). We have been has been just started and in progress.

conducting a series of basic research on a new

PHOTON OUTPUT

TraM. Electrode

u-si "TF'r, ~,a All, iIt, Al ; TFPDA
V V

u-os 
S 1 TFPDAI

PHOTON INPUT A 3 c IA is c

A
(8) (b)

Fig. 21 An example of O-Logio Components constructed by TFLED, TFPDA and
a-.5i TbT (a) and their equialaent circu~its of Olt, ANDi and NO.T j~owL4.,s tb).
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(0 1PU) i i

MAGE W4UT OIPU* FT IFT. OlP UJ IAGE OUTPUT

Sampun . Fitterlg Translanmf tlon

'ig. A proposed OR-IC devioe which has function, of not only inage tv.al4tion,
patts.r recogniion but aZao image aseooiation whioh might be acompZished by
combining ,ith image oihatzctization prooes.
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AI.3.1

COMPARISON BETWEEN HOT-CARRIER DRIFT AND RADIATION DAMAGE IN MOS DEVICES

Anant G. Sabnis

AT&T Bell Laboratories
1247 S. Cedar Crest Boulevard, Allentown, PA 18103 U.S.A.

Damages due to hot-carrier injection and exposure to ionizing radiation are linked through the
kinetics of hole trapping and their conversion to fast states at the Si/SiO2 interface. The
processing conditions and the presence of hydrogen ambient have similar impact on the device
response to these two degradation mechanisms. For a given probability of hot hole generation
and their injection, an increased radiation softness of an MOS device would result in an
increased susceptibility to hot-carrier degradation.

2. EXPERIMENTAL
1. INTRODUCTION

In these experiments, MOSFETs fabricated with
The degradation of MOS IC's due to injection of the n-channel Si-gate technology were used. Some

.4 hot-carriers is no longer a scientific curiosity. This devices had a final encapsulation layer of plasma

mechanism is likely to become a major stumbling deposited silicon nitride (SiN-Cap) and some devices

block in the advance of the silicon IC technology, had no encapsulation (No-Cap). For radiation

Accordingly, the study of this mechanism has become
damage studies, large area (200pm x 200Om) devices

an integral part of the technology development. It

has been now well recognized that, as a result of

used. For hot-carrier damage studies, short-channel'! hot-carrier injection, structural and chemical changes
length MOSFETs were electrically stressed under dc

occur at the Si/Si0 2 interface. The changes manifest and ac conditions 14, 5]. The devices were
in terms of trapped carriers and interface states in characterized, before and after damage and after
short-channel length MOSFETs. Several physical anneal, over a wide range of operation in the forward
modeis that describe these changes have been and reverse modes (source and drain interchanged).
advanced in the literature [1-41. Only those devices which had initially the same

Based on the characterization of devices over a forward and reverse mode characteristics

wide range of operation, we have proposed a physical (symmetrical devices) were selected for these

model for device degradation which invokes the experiments.

injection of hot holes and their conversion to

In addition, some DRAMs were irradiated under

radtionrfac ss [w t he xp oes u e t oe ioniz g bias and others w ere operated under electrical stress

radiation is known to trap holes at the Si/SiO 2  for hot-carrier damage. Drift in their VDDin Is
r interface. We have observed that the two measured as a function of radiation dose or stress

mechanisms, the hot hole injection and the ionizing

radiation, involve similar kinetics of hole trapping DRm to op rte uer age s e o t

and conversion of holes Into fast states. As a result, DRAM to operate under a given set of timing

the Impact of these mechanisms on device conditions.

characteristics are similar. The purpose of this paper The MOSFET data Is analyzed, first by

s to discuss those similarities. The terms interface calculating the difference in the gate voltage (AVo or

states and fast states are used interchangeably. AVos) required to pass the same channel current
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(IM) for the sume VDi and Vm before and after appear to be due to trapping of electrons at the

damage, mad then by plotting the differsnce as a Interface near the drain. However, the other two

fneti of o IN. The drifM at IW.-1- 1 1 Amp observations listed above and an additional
I ~ ~ give tihe maginitude of trapped chargle (AQ) and obsrvsiton of channel shiorteningi effect in the

the slope of the curve gives the density of fast states forward mode lead us to believe that this drift is due

(ADa) at the SI/SIO Interface. The Si/SiO, to Injection of holes into the oxide 14). The injected

Interface will be imply referred to as "the Interface" holes are trapped at the Interface near the drain

in the following text. The details of the region. Some of these trapped holes convert to fast-

characterisation ae given in the references [4-6 cited states by capturing electrons or negative ions such as

at the end of the text. H-. Further detailed experiments 151 indicate that
there is a lifetime (re) associated with these trapped

3holes after which they convert to neutral acceptor-

like fast states. This process of conversion is a

Drifts In transfer characteristics of a MOSFET characteristic of the interface, and it Is through this

due to hot carriers are shown in Figure 1. The process that we observe a link between the hot-hole

curves A and C are the (semilog) Initial damage and the radiation damage.
chmctelstcsbot inforward and reverse modes,

characteristics, both In fIn an ionizing radiation (Co) environment, holes[ ~~takien at VDii -- sV (saturation regiion) and Vill =
are trapped at the interface independent of the

O.1V (triode region) respectively. The device was direction of the electric field at the interface. When

symmetric&[ before agin. After song, the reverse
the gate is negative with respect to the substrate, the

mode characteristic at VD6 ,- 5V separated as shown
holes are injected from silicon into the oxide [6].

by the dashed curve B, and the device Is no longer This situation is analogous to the hot-hole injection.
symmetrical. At VDS -- 0.IV, the device remains

symmetrical. eveafter agingand the dvice remWith positive gate voltage, it is generally acceptedsymmetrica even after aging and the drift is shown

by the dashed curve D. The triode region -6- tmAL

characteristics at VDs - O.1V are also plotted In the 10-3 e-- ,Pu IV 811. N

linear mode; after aging the Initial curve E drifts to V - S

F. The linear mode chmarteristics show only the

transconductance degradation with a negligible 1-, 60

change in the extrapolated threshold voltage (VT). V / / = a

From these characteristics alone it may appear that 4 1 W= 4

the observed drift Is caused by an increase in the 1 -0-' tt = -- 
-  4

drain resistance due to electrons trapped In the oxide Va-, 0.1 I3

above the drain diffusion [31 or due to the creation of .

fast states at the Interface near the drain junction. 101 20

However, when the agng was continued, we observed -- !,-,IV v.-isv ',

negative drift In the forward mode characteristics at a M 0,, ,

Vie . 5V, spreadlng of the fas stes Into sub- 1 2 3 4

thteshold regli s" a positive drift in the linear v- Ves

Mode VT as shown In Figure 2. From the linear IGURE 1: Gain dearad at ion due to hot-carrier

mode elharater as alone, the positive AVT may Iwctliot.
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Is a typical drift due to hot-hole Injection which

-- M&S-- i sa 0.as differs from the curve A only by the magnitude of
!. a rm the trapped positive charges. Otherwise, the two

--' -- V curves are similar. A comparison of the curves A in

- - Figures 3 and 4 suggests that, when the holes are
F injected from silicon into oxide, the fast states readily

VasX i appear at the interface. When the device in Figure 3
le' 4o was heated in air at 300 C for I hour, no change was

observed in curve A. However, when the same device

1 was heated at 175 * C for 15 minutes in forming gas, a

t U-3 - a process of conversion of holes into fast states is

Vag Ih vo) observed, which is inferred from a reduced negative

FIGURE 2: Degradation of the device of Figure I drift and a simultaneous increase in the slope of the

outer 236 hours of stress, curve B in Figure 3. This shows that the presence of

that the holes generated in the oxide are trapped at hydrogen accelerates the conversion process or, in

the interface. Large area MOSFETs (200pm x other words, reduces the lifetime of the holes. This is

200pm) were exposed to Co6° source of gamma rays true even in the case of hot-hole injection

under various biases and their transfer characteristics phenomenon. In Figure 5, aging rates of no-cap

were measured in the forward and reverse modes. devices in air and in hydrogen clearly show the

The curve A in Figure 3 is the drift under positive impact of hydrogen on the build-up of fast states.

bias. The curve is almost parallel to the log IDs axis The device with SiN-caps has a similar aging rate in

suggesting that, at the interface, holes are trapped air to that of a no-cap device in hydrogen ambient.

uniformly and a few fast states are created in the This is due to the hydrogen associated with the SiN-

high current region. On the other hand, under caps 12]. When a device with SiN-caps is radiated

negative bias, a significantly large number of fast and heated in air we observe a similar build-up of

states is created in the high current region as shown fast states to that shown by curve B in Figure 3 [6].

by the curve A in Figure 4. The curve B in Figure 4 In hot-hole degradation, the fast states first

O.2 appear at high-current levels and, as the aging

o
-  0-" 10-' 6-' 10-' 8-2 continues, they move to lower and lower energies [5].

e, | 1 I I The same process is also observed in the radiationgas (Mm |
damage mechanism, which is illustrated in Figure 6.

--2 IW*Clsma A large area MOSFET with SIN-caps is first exposedN FOAIN GAS .

S . to radiation and then heated in air at 100" C. The
4 .. curve 1 is the post-irradiation drift which shows

A uniformly trapped holes and few fast states. The
APT Y (I~kfudl

U AM ASO A curves 2 through 5 show a gradual reduction of holes
3W-C I "OUR W AM and a monotonic Increase in the fast states as a result

I, of heating. Note that the fast states appear at the

high .urrent levels first and then move toward the
FIGURE 3: Saturation region (VD$ - S V) drift in lower and lower current levels, in a manner similar to
20 0pin z 200 m MOSFET without encapsulation, that In the hot-hole Injection mechanism [5].
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The radiation damage bas long been known to be a

self-limiting, 17). Recently, we have shown that the 106' ANNEAL

hot-bole damage Is also self-limiting [5). The extent CAe

of damage to the device depend. on r. which in turn

depends an bias conditions, ambient gases and / 4"A
temperature, avid the processing conditions. With

the growing number of Implant and dry processing 1 10 t 0' A S

ste and simultaneously reduced processing "IFtAMOE
temperatures, the density of neutral traps In the -023si

Interface region has steadily increased [8, 91. These Awn"L

traps, we believe (9), swe responsible for the observed -I42

Increase in the rate of build-up of fast states in bothI oAM
the mehanisms.

NOF-ARRNISFIGURE 6: Conves ion of holes to fast states in
Vag - V05200 pun x 200~am MOSFET with SIN-Caps.

amO 80N-OAF The radiation damage to DRAM. manifests in
I*-- W-0 W~-4 IV' 16 ways similar to the hot-carrier damage. The main

difference in the two mechanisms is that the
g radiation affects all the devices on a DRAM chip

WIN Vag -9 whereas the hot-hole Injection degrades only a few

A2 XSA NO-CAP selected devices. The VDD. degradation due to
AOCA radiation, which is shown in Figure 7, is similar to

Is i N"ta m AM that observed due to hot-carrier injection [10). The

FIGURE 4: Comparison o'f hot-carrier drift 49 T2*

(Vat < DIn) in reerse mode with radiation Induced 4.5------- --- - ----- -- -- -- -- -- -- ----
drift (Vos -- V). VVuWn SPEC

4.1
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VDDa Is the minimum supply voltage required by a (5] A. G. Sabnis and J. T. Nelson, IEEE IEDM

DRAM to operate under a given set of timing Tech. Digest, pp. 52-55, Dec. 1086.

conditions.
(6] A. G. Sabnls, IEEE Transactions on Nucl. Scl.,

A direct quantitative mathematical correlation Vol. NS-30, No. 6, pp. 4004-4009, Dec. 1983.

between the two mechanisms is rather difficult, 171 J. P. Mitchell, IEEE Transactions on Electron
mainly because of the two dimensionality associated Devices, ED-14, 764 (1967).

with the hot-hole degradation of the short-channel

devices. Nevertheless, qualitatively the two 18) R. A. Gdula, IEEE Transactions on Electron
mechanisms have similar effect on device Devices, Vol. ED-26, No. 4, pp. 644-47, April

1079.
characteristics. The kinetics of hole trapping and

their conversion are identical in both the cases. [9] A. G. Sabnis, Proc. 22nd International
Therefore the response of the interface to hot holes Reliability Physics Symposium, Las Vegas,

can be conveniently explored by radiation damage Nevada, pp. 156-10, April 3-5,1984.

experiments. [10] A. G. Sabnis, Proc. Int. Conf. on

Semiconductor and IC Technology, Beijing,
China, Oct. 20-23, 1986, pp. 660-663.4. CONCLUSIONS

The radiation and hot-hole damages are related to

each other through the kinetics of hole trapping and
conversion to fast-states at the interface.

Qualitatively, the presence of hydrogen in the

ambient and the processing conditions have similar

impact on the responses of the devices to these two

degradation mechanisms. For a given probability of

hot-hole generation and their injection, a device with
increased radiation softness would have a higher

ssceptibility to hot-carrier damage.
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The role of holes and electrons in the aging of

MOS transistors

M. Tosi L. Baldi F. Magioni
SGS Microelettronica

via C.Olivetti 2
20041 Agrate Brianza (MI)-Italy

A new kind of representation of aging effects in MOS transistors on a
VIVo diagrams is proposed The vorWig curve of N-channel or P-channel
transistors, for different loading factor., can be easily plotted in this dia-
gram and the regions of hole or electrons injection during the normal oper-
ating cycle identified. Since any change in tmnistor technology is reflected
in a change of the iso-aging diagram, this kind of representation allows to
compare different technologies and their limits with the need of different cir-
cuit configuration. The results of exprimental evaluation of different LDD
structures are discussed.

1 Introduction 2 Experimental

Electron injection in N-channel and P-channel de To obtain these diagrams, the transistor transfer char-
has been widely studied asmain cause of the degra- acteristic in the linear region (at IVDI - lOOmV) has
dation in transistor performances. Also hole injection been measured with an HP4145 Parameter Analyzer
has been recently demonstrated under particular bias before and after 10 minutes strese. An example of
conditions [11, [21. this curves is given in Fig.1 for a N-channel device.
The most evident effect of carrier injection is the vari- An increase in transconductance (Fig.1a) is the con-
ation in transconductance and/or threshold voltage of sequence of majority (with regard to the bulk) carrier
the stressed device according to the technology and trapping, while a decrease (Fig.lb) means trapping of
the stress conditions. Both increase or decrease of minority carriers. Symmetrical results are obtained
these critical parameters can be obtained, therefore for P-channel transistors. As limit of the no-injection
differet authors have reported different aging behav- area, an arbitrary limit of less than 1% variation in
iors, and there is no general agreement on which the transconductance over a 10 minutes stress has been
worst case stress conditions are. Moreover, even if a assumed. Of course tighter limits could be imposed,
very exhaustive literature exists on aging effects, it is by increasing the stress time. Also iso-aging curves
very difficult to get a clear and coherent picture and can be drawn to evidence the regions where the ef-
to compare results obtained by different authors. fects are more marked.
We propose a new kind of representation of aging ef- An example of this kind of representation is given in
feets on a VD/V diagram, taking into account all poe- Fig. 2 for the N-channel and P-channel transistors
sible device bias conditions. In this way, the aging of a 1.2 ,um CMOS N-well. The gate oxide thickness
characteristics of different technologies can be easily of the devices is 28 rum, the threshold voltage around
compared on the same diagram and superimposed to +0.85V and -0.85V respectively and an LDD struc-
the workiag curve of critical devices, as obtained by ture has been used for the N-channel alone.
SPICE simulations, showing which are the dominant As discussed in the introduction, both hole and elec-
injection mechanism in the differnt regions. tron trapping can be obtained with different bias con-
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ditions. For P-channel devices, electron trapping takes and the devices architecture. As has been shown by

place at low gate voltage, while hole injection is ev- simulation and experimental results [3] the carriers

ident at high gate voltage. For N-channel devices, can be injected over the drain-gate overlap region or

there is hole trapping only for high drain and low gate over the channel, producing different variations in the

voltage, while electron trapping takes place at high electrical parameters. For example, while carriers in-

gate voltages. It is rather interesting that electron jection over the channel induces a shift in threshold
trapping is evident at low drain and low gate, where voltage, charge trapping over the drain is associated

the electric field configuration tends to oppose ele- only with transconductance variations.

tron injectioa into the gate. This could be explained The degradation mechanism is strongly dependent also
by electron trapping into interfaces states, rather than on the process architecture. LDD and not LDD de-
into the bulk of the gate oxide. Since however the ef- vices behave in quite different ways, and even among

fects on the electrical parameters are the same, this LDD structures, strong differences in aging can be ev-

region will be included in the electron injection region. idenced with different n- concentrations.
As an- example two different N-chanel LDD have

3 Comparison between different been measured, with high and low n- doping con -
process architectures tration, corresponding to an n- implant dose of 1.1014

ions/cm 2 and I. 1013 ions/cm2 respectively. To simu-
This kind of diagram can be easily used to understand late devices operation, six points lying over the switch

how the aging characteristics of a process architecture off curve of the N-channel device of the ring oscilla-

may influence the operation of devices. tor have been considered (the points are marked with

The ring oscillator, sketched in Fig.3, has been sim- circles in Fig.2a). Transfer characteristics have been

ulated with SPICE for a 10V bias voltage, and the measured before and after a two minute stress in each

operating curves of the N-channel and P-channel tran- point. Most of the aging takes place in the last two

sistors have been superimposed as dashed lines on the stress points, at VD = 1OV and V0 = 1,2V. As shown

aging diagrams in Fig.2. Rom this figure it can be in Fig.4 the effect of the stress is electron trapping

noted that, in this cue, only electron trapping is un- over the chan-el for the high n- concentration LDD,

portant Los both transistors. No aging takes place and electron trapping over the drain for the low n-

during the switch on of either transistor (the lower concentration LDD. The different aging mechanism

branch of the device working curve), while during the can be easily explained by the different configurations

switch off (the higher branch), electrons re injcted of the electric field in the channel, due to the different

both in N-channel and in P-channel transistors, concentration profiles as shown in Fig.5. MINIMOS

Inside each injection zone different degradation mech- simulations show that for high n- doping concentra-

anisms can be active, depending on the bias conditions tion only one peak of electric field is present, at the
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Fig. 3 CMOS, seven stages ring oscillator scheme.

ichannel/n- interface, while for low u- doping concen- VO .00di 14

itration, two peaks are present, tehgeta +n
interae. In the first case, electron are injected over " 1 1013 L DD

i ~the channel, altering the threshold voltage, while in .

i the second came, electrons are injected over the drain,

~changing only the tranconductance. If the gate volt-
[ ~ ~~age is increased, the electric field at n+/n- junction 4 / .

decreases, as shown in Fig.6, and therefore the same

edge of soing mechanism in every diagram point is /afte
' very important specially for those devices which work I"

in both hole and electron injection region and where
a partial recovery is possible. This is the case for ..o w ow/dav 1f 4.a

exml faVV wtcue nERMMm> Fig. 4 Comparison between the behaviour of the two
ies, whose drain voltage varies, at low gate voltage, kinds of LDD transistors after the ring oscillator switch

Sbetwee supply voltage and progrmming voltage- off stress.
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Fig. 5 MiIIOS smulation of the electric field at the stress bias condition and MINIM,/OS siulation of

4 Conclusions

1 The MOS transistors degradation takes place as con-

1 014 LD D 1 sequence of both holes arid electrons injection in gate
oxide. A correct way to represent aging effects is to

tplot them on aVD/Vo plane bver which also the de-

jvices working curve can be plotted and both the global

0 ]and the point by point devices behaviour in the nor-

meal operating cycle can be studied.

i Both the value and the mechanism of degradation are

strongly dependent on the technology; the use of this
0: kind of diagrams allows the comparison between df-

*.i ~: ~ferent device architectures over all the operating range

DISTANCE (p) of criticald device.
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A1.3.3

THE VOLTAGE DEPENDENCE OF DEGRADATION IN N-MOS TRANSISTORS

B.S.Doyle, M.Bourcerie, J-C. Marchetaux A A.Boudou

BULL S.A., Ave. Jean-Jaures, 78340 Les Clayes Sous Bois, FRANCE

i$ Hot carrier stressing has been carried out on silicon n-MOS devices as a function
of gate voltage, at fixed drain voltages. It is found that a maximum of degradation
occurs not only at Vq-Vd/2, but also at Vq-Vd. It is further found that the time

* I power law for threshold voltage shift changes according to the voltage ratio. It is
suggested that while the first peak is due to interface state deqradation, the
second is due to another process, possibly electron trapping In the oxide.

1. INTRODUCTION comolex. It will be shown that maximum

In the study of hot carrier stressing in degradation does not always occur at Vq=Vd/2,

silicon n-MOS transistors, it has long been suggesting that there is another type of damage

recognised that the effect of stressing at high occurinq in the device during hot carrier

voltages results in a degradation in time of stressing.

the transistor I-V characteristics. This

degradation is usually characterized by 2. EXPERIMENTAL

measuring the decrease in transconductance (qm) Measurements have been carried out

or the increase in threshold voltage (Vt). principally on the 2u devices, with width 50u.

These degradations follow a power law as a The transistors were fabricated on 15 ohm.cm

function of time, and it is thus possible to substrates with a threshold implant of

extrapolate to a certain level of Vt shift or 1.4*1012/cm2. The gate oxide had a thickness of

qm degradation and define a lifetime for the 40nm, was qrown at 1000"C, followed by a Post

device. Carrying this out at different drain Oxidation anneal at 1000"C for 30 minutes. The

voltages, it becomes possible to extrapolate Post Meatlization Anneal was carried out in a

back to power supply voltages, and estimate the nitrogen-hydrogen atmosphere, with a
lifetimes in the circuit working environment. nassivation layer of S102.

In order to do this, it is necessary first The measurements were performed on a

first to study the gate voltage dependence of microcomuter-controlled HP 4145 Semiconductor

aging in order to choose the maximal conditions Parameter Analyser. The threshold voltage (Vt)

of aging. It has been found that maximum aqinq in each case here is defined as the gate

occurs in the saturated region of the voltage necessary for a drain current of llA/u

transistor characteristics, at Vg-Vd/2. This oate width.

corresponds also to the maximum of the
substrate current. The coincidence of the 3. RESULTS AND DISCUSSION

maximum of the substrate current and the Figure 1 shows a typical plot of the

maximum degradation has led to models in which threshold voltage shift as a function of gate

substrate current alone [1] or substrate voltage at which the degradation was performed.

current combined with the drain current [21 are Also included is the substrate current Vs gate

sufficient in order to quantify the voltage for the same drain voltage as the

susceptibility of any given transistor to aging. It can be seen that the maximum occurs

stress deqradation. In this presentation, it at the same point as the Isub(max), as has been

will be shown that the situation is more discussed earlier.
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This, however, is not always the case. it can be seen that the hole gate current is

negleqible and the electron gate current is

maximum at this point, indicating that the hot

-4.e 1carrier damage is in some way related solely to

lb dVt electrons. This suggests that the degradation

is due to electron trapping in the oxide, as
mo-0 *m M/v the conditions resemble those of capacitor

photo I-V measuremert. ( small fields in the

oxide between drain and gate and hiqh electron

concentrations) avid this is known to result, at
high electron fluxes, in electron trapping in

the oxide [41.

ve t../av )

FIGURE 1

Substrate current and threshold voltage shift
versus gate voltage at Vd=9.5V for a 2u dVt
device, showing a maximum in both cases at
Vg=Vd/2.

Figure 2 shows the threshold voltage shift
after 1000 seconds for conventional 2 u devices

in the full gate voltage range. It can
immediately be seen that two peaks appear in Ie 1 v)vsI 1k.o00/dv (V
the plot. The first peak occurs at Vq=Vd/2 and

is identical to t.t of figure 1. The second FIGURE 2

peak occurs at Vq-Vd, at qate and drain
rhreshold voltaqe shift versus gate voltage

voltages not normally associated with aqing. for a 2 4 conventional device, aged at Vd=8V
These voltages correspond to MOS functionning showing a double maximum. A representation

of the gate current at the same drain volt-
in the linear regime, with an inversion layer age %+ for holes, - for electrons) is also
extending from the source to the drain, and low shown.

transverse fields. That the transverse field is

low can be seen from figure 1, where the It is thus proposed that the double SVt peak

substrate current at Vg-Vd is one fifth that at results from different processes, interface
Vg-Vd/2. state generation and charge trapping. If these

Looking at the gate currents, represented in are indeed different processes it might bz

figure 2, it can be seen that the the maximum expected that there would be some difference in

of the first aVt peak corresponds to the toint the evolution of the degradation with time.
at which gate hole and electron currents are Figure 3 shows the dVt Vs time shifts at the

equal. This observation and other measurements voltage conditions corresponding to the two

[31 has lead to a model in which the creation peaks. It can be seen that they both follow a
of interface states results from the presence power law, of form

of both holes and electrons together in the dVt-Atn,

oxide. each voltaq ratio having

In the case of the second MVt peak however, its own 'A' and in'. It can fur aer be seen
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I I

that the greater gradient is associated with

the interface state creation and has values of + -

about 0.65, whereas the degradation at Vg-Vd

has the lesser slope, around 0.25. This net -

difference in slopes shows that the charginq

4 kinetics in each case is different, and -2

is a further indication that the damaqe created

at these two voltage ratios is different. -3
klthouzgh the results of figure 3 are r0- .

not seen in on all fabrication line devices, -4 ....,h,......,,,,,,,I..........

they are seen more widely than might he thought. 1 2 4 5
LOG TIME CSECS)

~FIGURE 4

>Threshold voltage shift with time plot for a

Idifferent pilot line device, aged at Vg=Vd/2
- (+ symbols) and VguVd (* symbols), showing

-2 once again, the presence of quite seperate
Spower law slopes, depending on the voltage

ratio.~-3+

_l + .for each technology, and depend on the process

4 ... Isteps. If the damage at Vq-Vd results from
O1 2 3 4 trapping of electrons on defects already

LOG TIME (SECS)
present in the oxide, it could be imaqined that

FIGURE 3 under certain circumstances, a combination of

Threshold voltage shift with time plot for a both these power laws would be seen, depending

2v conventional transistor, aged at Vg=Vd/2 on the gate-to-drain voltage ratio and the
(+ symbols) and Vq=Vd (* symbols), showinq
the presence of quite seperate power laws process conditions. Figure 5 shows the

slopes, depending on the voltage ratio, threshold voltage shift as a function of time

for a third pilot line device. The voltage

conditions here are Vq=Vq/2. It can be seen

We have seen this effect on devices from five that there are two clear time law depencencies,

out of six pilot lines whose stress integrity the first having a slope 0.3 and extending over

we have tested. Figure 4 gives an example of 3 1/2 decades in time, and the other having

the double power law seen from another pilot gradient O.e and dominating the long stressing

line. In this particular case, the devices times. It is obvious that the summation of two

have been fabricated using electron beam time power laws results in one power whose

technilogy. It can be seen that once aqain slope depends on which of the power laws

the Vg-Vd/2 stressing has a power law gradient dominates at the stressing time in question.

about 0.6, while the devices stressed at Vq-Vd The fact that the smaller qradient of 0.3

has a power law of the order of 0.3. which could be associated with electron
Given that the damage at different voltaqe trapping in the oxide is seen initially, at

ratios results from different mechanisms, It Vq-Vd/2, could be interpreted simply as meaning

would be expected that the pre-time power that the pre-time power law factor 'A' for this

law factor A and the gradient 'n' be different behaviour is qreat, indicatinq that this
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4. CONCLUSIONS
Hot carrier degradation has been carried out

+ on 2u n-HOS devices, at constant drain voltage,

with gate voltage as the variable. It has been
> found that the deqradation peaks at two points,

4 Vq-Vd/2, and Vg-Vd. The fact that the second

Peak occurs at the point of maximum gate

14 electron current and neqleqible gate hole

-3 current, indicates that the damage in this case

0 is different to the interface state qeneration-J
h .I .. ......... I ........., damage associated with the VquVd/2 maximum

0 1 2 3 4 5 and miqht Possibly he due to electron trappinq.
LOG TIME (SECS)
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A1.3.4

Characterisatioa and analysis of hot-carrier degradation in p-channel transistors
using comtant current stress experiments.

R. Bellens, P. Heresmns, G. Groeseeken, E.g. Mas

IMEC, Kapeldreef 75, B-3030 Heverlee, Belgium

An alternative procedure is proposed to perform accelerated lifetime experiments
in p-channel transistors in order to resolve some problems that occur using the
conventional constant voltage procedure. The results are correlated with the de-
gradation mechanisms and a comparison with n-channel transistors is carried out.

InTrODUCr!IO ME r NEWS and DVICES

In order to predict the lifetime of MOS-transis- For this study MOS transistors from different

tors under influence of hot-carrier degradation suppliers were used, vith channel lengths ran-

and to intercompare the hot-carrier sensitivity ging from 1.75 to 3pm, oxide thicknesses from 27

of different NOS technologies, the linear rela- to 4on and channel width of 25um.

tionship between log[Isub/Id] and log[T*Il ] or The threshold voltage for all experiments and

log[ *Isub] for n-channel transistors and devices was defined as the gate voltage at which

p-channel transistors, easpectively, (defined as drain current is 0.2VA per a width at Vds-SV.

the lifetime curve) has commonly been applied The threshold voltage was measured in reverse

11,2,3]. In these experiments, the lifetime T operation, i.e. by interchanging source and

is related to an arbitrary chosen shift of the drain after stressing. The device lifetime T

threshold voltage 11) or transconductance [21 was defined as the stress time necessary to

during a constant voltage stress condition. obtain 10mV threshold voltage shift.

In this work, accelerated lifetime experiments

(ALE) were performed on both n- and p-channel I. A.L.R. IN N-CHANKEL TRANSISTORS

transistors based on these relationships. It is Several n-channel transistors were stressed in

shown that for p-channel transistors, this pro- the region of maximum degradation, i.e. near the

cedure can however not be applied as such due to maximum of the substrate current. In this re-

the influence of trapped charge on Isub and Id.  gion the threshold voltage increases during

In order to solve this problem an alternative stress with a slope of typically 0.7, without

ALE-procedure, using constant current stress shoving any considerable saturation tendency, as

experiments, is proposed. shown on fig. 1. The lifetime T can be descri-

The threshold voltage shifts (AVt) and the car- bed by a linear relationship between log[L*I d ]
responding variations of 1sub and Id with time and logilub/Id ], with a slope of typically 2.7,
rodise foriabo rnsso r types Ths sia ub (1.Ti sson nfg hc
for several stress conditions are analysed and which corresponds with the values found in the

Sdiscussed for both transistor types. These ltteratur- (1,31. This is shown on fig. 2 which

changes are correlated with the different degra- car - .,e hot-carrier sensitivity of the dif-

datlon mechanisms that occur depending on stress feren. technologies used in this study.

condition and channel type. This leads to im-

portent conclusions on the interpretation and IX. A.L.R. IN P-CHAJM ILTRANSISTORS

the validity range of the ALE-procedure for both For the case of p-channel transistors, the beha-

n-channel and p-channel transistors. viour is quite different. As shown on fig. 1,

the slope of AVt vs. time is, for a p-channel
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Fig. 1: 6V. vs. time for p and n-channel tran- 
1sub/d

sistors Fig. 2: Intercomparison of hot-carrier sensiti-

vity of different technologies for n-channel
transistors

transistor stressed under condition of maximum 100. ' ' . . . . . ..: . . . .
substrate current, only 0.2. Horeover, 6Vt

tends to saturate. As a result of this satura- Constant current stress
tion, linear extrapolation of the curves and . Zd-747#A

> isub-l7#A
from it an extraction of the lifetime proves to vq--4.v

be hazardous and totally unreliable. It indeed 10 10

becomes difficult to obtain the cIsub VS.

/Id relationship that is expected from the Constant voltage stress
sub dVg--4.V
simple hot-carrier model [11 and intercoaparison vd--12.SV

of the hot-carrier sensitivity of different 1 'NO O W0
technologies is almost impossible.

This phenomenon is explained by the degradation Time Is)

mechanism of p-channel transistors. Indeed, in Fig. 3: Comparison betveen constant current,

p-channel devices the degradation for stress at constant voltage and gradually adjusted voltage
stress on p-channel transistors

the maximum substrate current is known to be

predominantly due to electron trapping in the

oxide near the drain (4,51. This causes a local Comparing the results of constant current (fig.

reduction of the lateral electric field and con- 3, curve a) and constant voltage stress (fig. 3,

sequently a considerable decrease of the sub- curve b), one can observe two main features.

strate and gate currents during stress. These Firstly the slope of the AVt vs. time is about

effects evidently result in a reduced electron 0.2 in both cases and secondly the saturation

trapping and a corresponding saturation of AVt. effect observed for curve b has disappeared for

the case of constant current stress, as expec-

III. A.L.R. USXJ=I VOIIIANrIRg1" STruSS ted. Nutice that curve b lies below curve a,

Based upon this understanding, an alternative which is due to the larger electron trapping du-

stress procedure is proposed and used: the ring the constant current stress, as the result

p-channel transistors are stressed by imposing a of the continuous increase of the applied volta-

constant current at the drain and at the sub- ges (Vd and Vsub)' In order to check the vali-

strate while keeping source and gate voltage dity of this conclusion a third experiment was

constant. This ensures a constant electric performed. Constant voltage stresses were ap-

field near the drain, which should eliminate the plied but the stress voltages (Vd and Vsub) vere

saturation effect. adjusted at each measurement time to the values
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Fig. 4: Intercomparison of hot-carrier sensiti- Fig. 5: Isub/Id, normalised to the initial va-
vity of different technologies for p-channel lue, during constant voltage stress for n-chan-
transistors nel (Vd-8.5V curve a: Vg.3V, curve b: Vg..BV,

curve c: Vg.Vd) and p-channel transistors (curve
d: Vg=-3V Vd.-8.5V) L-1.75pm V-25pm

measured during the constant current stress at

the corresponding time. The result of this ex-

periment is represented by curve c on fig. 3. On fig. 5 the ratio Isub/Id during stress is

As can be seen, AVt is at first identical to the plotted as a function of the stress time for

value for the constant voltage case, while the both n- and p-channel transistors, stressed un-

curve gradually approaches the one for constant der different constant voltage conditions which

current stress. are indicated on the figure. On fig. 6, Vt vs.-

P-channel transistors from different technolo- time is plotted for both channel types under

gies were evaluated using this new stressing different conditions, for voltage as well as for

procedure. Nov, the threshold voltage shifts current stress.

result in the expected *u vs. Ib/Id rela- The case of the p-channel transistors is illus-

tionship with a slope of about 2.3, as shown on trated by curve d on fig. 5 and 6. 1sub/Id de-

fig. 4. In this way it becomes possible also creases significantly, due to build-up of a net

for p-channel devices to reliably intercompare negative trapped charge, as already concluded

the hot-carrier sensitivity of different techno- from the previous section.

logies (fig. 4). But of course the procedure However, as can be seen on fig. 5, for the case

does not yield a useful lifetime prediction for of a n-channel device stressed around the maxi-

ccnstant voltage conditions. mum of the substrate current, Isub /Id remains

constant during stress (curve a), although both

IV. COMPARISON with N-CHANNEL TRANSISTORS Isub and Id decrease in time. This confirms the

As demonstrated in the previous section, charge results found in other studies [5], in which the

trapping during stress can strongly disturb the dominant degradation mechanism for this case was

4 conventional ALE-procedure because it changes shown to be interface state generation. Indeed,

the Isub/Id ratio, which is the abscissa of the this causes a decrease of Id' due to mobility

lifetir. curve. The question arises why this degradation, and consequently a correlated de-

phenomenon was never observed or reported for crease in Isub . However, since no considerable

n-channel devices. Therefore a thorough analy- trapping occurs, the multiplication factor

sis of the degradation of n-channel transistors (Isub/Id) remains constant. As seen on fig. 6,

at different stress conditions has been carried no saturation in AVt vs. time is observed and

out, and a comparison with p-channel devices was constant current and constant voltage stress

made. This is illustrated on fig. 5 and fig. 6. yields identical results (curve a and e). The
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The evaluation of the relationship between

I Isub/Id and *I sub for p-channel transistors un-
10. cure d der I ubmax stress conditions is shown to be

/ strongly disturbed by saturation phenomena in

e6V t vs. time and a corresponding decrease of

curve b.c subd These effects are due to electron

trapping and can be circumvented by performing

0.1 *o constant current stress experiments.
N I O 0 Similar effects occur in n-channel transistors,

Time (a) when trapping is the dominant degradation mecha-

nism i.e. for Vg&V or Vg=V These problems
Fig. 6: AVt vs. time for n-channel (curve a: do not occur for those conditions where the de-
VS-4.2V Vd=9V, curve bi Vg=.aV Vd.9V, curve c:
Vd-Vg-7.SV, curve *: constant current stress) gradation is dominated by the creation of inter-
and p-channel transistors (curve di constant face states (VgVd/2).
current stress) L-21a V=25ism gd

Therefore, care should be taken when using the

relationship between Isub/Id and T*lsub or C*Id

slope of 0.7 found for this stressing condition for p-channel and n-channel devices, respective-

(max. Isub) seam to be typical for this degra- ly, as a tool to predict the device lifetime un-

dation mechanism. der constant voltage conditions. The ALE-evalu-

For the case where Vg Wth (Vg=O*SV), the multi- ation can however be applied for intercomparison

plication factor decreases (fig. 5, curve b), of the hot-carrier sensitivity of different

which means that a net positive charge is trap- technologies, provided the appropriate selection

pad. This is again in agreement with 14,5), of either constant voltage or constant current

where it was shovn that the dominant degradation stress is made.

mechanism in this case is hole trapping, leading

to a negative AV t . For this case a saturation ACI0WI.DGMM

effect of IAVI, correlated with the hole trap- The authors wish to thank BTMC Alcatel for pro-

ping is indeed observed (fig. 6, curve b). The viding the devices.

slope of 0.2, similar to the p-channel case, P. Heremans is a research assistant and G. Grow-

seem to be typical for the trapping mechanism. seneken a senior research assistant of the Bel-

Finally, stressing the n-channel transistors at gian National Fund for Scientific Research.

Vg&Vd  results in an increase of the aultiplica-

tion factor (fig. 5, curve c), which is indica-

tive for a net negative charge trapping. 
Fur-

thermore the slope of the 6V vs. time curve is I1] C. Hu at al., IEEE Trans. on Electron Devi-
ces, vol. EDL-32, No. 2, pp. 375-385.

also 0.2 and a saturation is again observed [21 J.J. Tzou et al., IEEE Eictron Device Let-
(fig. 6 curve c). These phenomena point to an ters, vol. BDL-6,No. 9, pp. 450-452.

131 V. Veber et al., I1DM Techn. Dig.,pp. 15.4,
electron trapping mechanism as the main degrada- 1986.
tion cause for V NVd .  [41 P. feremans et al., Coll. rEE on "Hot Car-

t Cd rier Degradation in Short Channel OS" Lon-

For the conditions, depicted in curve b and c of don, Jan. 87.
fig. 5 and 6, the conventional ALE-analysis is (51 P. Hereman at al., SISC 1986

(6) P. Heremans et al., IEEE Electron Device
subjected to the problems discussed in section Letters, vol. EDL-7, No. 7, pp. 428-430.

II and can be replaced by the alternative con-

stant current procedure.
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A1.3.5

CORRELATION BETWEEN FLATBAND VOLTAGE SHIFT IN MOS CAPACITORS AND
ENDURANCE DEGRADATION OF NEPROM CELLS

Jacek MANTHEY, Michel DUTOIT, Marc ILEGEMS

Institute for Microelectronics, Federal Institute of Technology, 1015 Lausanne, Switzerland

Charge trapping in thin injection oxides used in EEPROMs is studied as a function of charge
injected into the oxide. In MOS capacitors, pulsed alternating current injection is used to simulate
the operation of EEPROM. The resulting shifts of flatbacd voltage are correlated with the shifts of
threshold voltage in the WRITTEN and ERASED states in EEPROM cells. Positive charge generationdepends more than negative trapping on the negative field strength and is found to vary with the

~stress history of the oxide.

1. INTRODUCTION For EEPROM cells, the threshold voltages Vth of

The degradation of thin oxides used in floating-gate the written and erased (W/E) states and thus the

nonvolatile memories (EEPROM) has often been studied memory window (the gap between VthW and VthE)

by constant current injection in MOS capacitors, were monitored as a function of the number of W/E

However, in real operation, these oxides are stressed by cycles. The peak electric field was varied by adjusting

pulses of alternate polarity [1]. The purpose of this the W/E pulse risetimes [3]. These measurements were

work is to compare charge trapping during DC and performed with two HP8112 pulse generators and a

f pulsed AC current injection. The relative roles of HP4145 semiconductor parameter analyzer.

positive and negative pulses, their amplitudes and Both experiments used a HP3488 switch unit and

durations are shown. There is good correlation between were controlled by a HP9826 computer

these measurements and the wearout of EEPROM cells.

3. RESULTS AND DISCUSSION

2. EXPERIMENTAL The variation of the flatband voltage VFB during

We studied silicon gate MOS capacitors (area injection is shown in figs.l-2. For a DC stress, positive

105 um2 ) and p-channel EEPROM cells (thin oxide charges are generated at low Qinj (initial negative shift

area 9 um2 ) fabricated with a production 3um p-well of VFB), as was previously reported [41. Increasing the

CMOS process [2]. Thin oxides were grown to 12 nm current density, thus the cathode field, enhances this

on p-doped substrates (NA = 211018 B/cm2 ) at 950"C positive charge generation. The same effect is

in N2 -diluted dry 02 with 3% HCI. The capacitors observed for an AC stress. The magnitude of the shift

were stressed with constant current pulses using a for a given Qinj depends on the charge injected per

Keithley 220 programmable current source. The pulse (dose). The shorter the pulse, the sooner this

amplitudes and durations of the positive and negative shift appears (fig.2b). For a positive DC stress, VFB

pulses were varied independently to study the influence goes through a minimum and then increases, which

of field polarity and strength on charge trapping. shows that. eventually, negative charge trapping takes

Periodically, stressing was interrupted in order to over. This turnaround occurs for a higher Qinj than

record high-frequency C-V curves with a HP4275 LCR previously reported for MOS capacitors on lightly

meter. doped substrates with the same oxide thickness [41. For

a negative DC stress, our data do not show a clear

turnaround. If there is one at all, it occurs above
* This research was supported by the Swiss National I Cb/cm2 . For an AC stress, the position of the
Foundation for Scientific Reokwch (Program No.13) and
the Commission for the Encouragement of Scientific minimum depends on the charge injected per pulse. At
Research.
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high negative curent densities the turnaround seems to -1_ _ _ _ _ _ _ _ _ _

> -2
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Flatbend voltage as a function of injected charge The evolution of the memory window of EEPROM

for DC inljection. cells as a function of the number of programming
cycles is shown in fig4 The window initially o, 's

For comparing the results of C-V measurements (positive charge generation) and then closes (negative

away as to keep the dose constant. In fig.3. we (negative) pulse. In contrast, negative charge trapping is
s~wtel vaiedthecurentdenityanddurtio of only weaky affected by pulse risetimes.

the pus fec oaiy oiiecag eeainIn EEPROMs, the turnaround occurs betweenis much isnsniiet h egtvoue scud 1-100 cycles, which corresponds to aboutbe execte fro figl. 1-4_10O3 Cb/cm2, since the charge injected per cycle



I __________________ Since window closing is more pronlounced on the

vi4^22 a19us~.t~eA, m WITTEN side (positive Vth), we conclude that

negative charges must be closer to the substrate than to

-2.5 X, -IMR'cm'2.
38-

ft-19 Acm' 2, 3 N = >-

le le1* l 91 8 ot95 peak electric field-
Gin lSC/ 9 ' 11 WRITE ERASE

iJ vLO, LO
a) variable negative pulse H1 L, HI

-1 HI, HI
v:+IN uR/cuo 2. 3 a

*: +1 OR/Cal2308 an 1 2B 3U 184
-1.5 -x : +10 uic^2, 30sis No of cycles
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> a) WRITE threshold voltage
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le~ is, 190 h8 19' Istpis,

Olnj (C/cmA2) O.HIb) variable positive pulse -.
FIGURE 3j Flatband voltage as a function of injected charge

for asymmetrical AC injection
(constant charge per pulse - 300 uC/cin2). No3 l o f iscles1

10-2 Cb/cm2  (fig.2b). The discrepancy may be b) ERASE threshold voltage
* explained by the different doses and current levels

used in the two measurements. In EEPROMs there are FIGURE 4
EEPROM threshold voltages as a function of

very likely high current spikes during WRITE and W/E cycling (W/E pulses: -22.5 V, 100 ins).
ERASE, as shown by calculations. Accurate values are
difficult to estimate. Since the turnaround is shifted to

smaller Qijfor smaller doses, one can expect that for Similar results were obtained on devices fabricated
the conditions prevailing in EEPROMs, AC injection in with a different CMOS process and a lInni thick
MOS capacitors would give similar results. Instrumen- injection oxide. In this case, the shift Of VFB was
Wa limitations have prevented us from checking this approximately twice as large. For EEPROM cells, the
conclusion, shift Of VthE was even more important.
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A1.3.6

Degrlaalon phenomena of tunnel oxide floating gate EEPROM devices.

J.S. Wters, G. Groesenule , H-E. Mass.

IMEC v.z.w., Kapeldreef 75, 3030 Leuven, Belgium.

The degradation of tunnel oxide floating gate EEPROM devices was studied by using charge-pumping which
allows direct characterization of the interface degradation on the transistor itself. It is found that positive charge
is generated at the Si-SIO 2 Interface, while negative charges are trapped at the injecting interface or in the bulk
of the oxide. Oombining these findings with a study of the influence of the charges present in the oxide and at
the interfaces on injection and threshold voltage, it Is possible to expialn qualitatively all measured degradation
characteristlic.

1. Introduction. Subsequently they were characterized by means of the charge

High field stressing of thin oxides is known to cause charge pumping technique.
trapping in the oxide and at the interfaces as well as generation The degradation of the EEPROM structures is studied by

of interface states [1,21. The degradation is strongly dependent cycling the memory devices and monitoring the external

on the used stress conditions [3]. Although most of the threshold voltage (defined as the control gate voltage needed

experimental results have been obtained on capacitors, the to allow a drain current of IlpA at a drain-source voltage of 2V).
same degradation behaviour is expected during high field The fields applied during programming are of the order of 10
stressing of MOS transistors. During stressing with alternating MV/cm. Erasing of the memory cell is achieved by Fowler-

field polarities, as is the case for Electrically Erasable PROM Nordheim injection of electrons towards the floating gate

(EEPROM) devices, the degradation mechanisms are not well (uniformly over the whole channel area); writing can be

understood until now [4]. accomplished either uniformly over the whole channel (by

In this work the degradation of tunnel oxide floating gate applying a negative voltage at the gate) or non-uniformly at the

EEPROM devices is studied in detail by combining the charge drain (by applying a positive voltage at the drain while keeping

pumping technique with threshold window degradation substrate and control gate grounded). Charge pumping was

measurements. Contacted floating gate transistors are used to also performed on these memory devices. Indeed, a floating

study the effect of Fowler-Nordhelm Inj- on on thin oxide gate gate transistor can be considered as a MOS transistor with a
dielectrics. Combining the measurb. . esults with a study of stacked gate dielectric. The charge on the floating gate is
the influence of the charges present In the oxide and at the equivalent to a uniformly distributed gate oxide charge. By

Interfaces on injection current and threshold voltage, it is applying the same formulas as used for conventional MOS

powsile to explain all ineasured degradation characteristics. transistors, we can calculate the density of Interface states in

floating gate devices with the same accuracy as for MOS
2. Experiments and devices, transistors. The presence of non-uniformly distributed charges

The studied EEPROM structures are n-channel floating in the gate oxide can also be detected, as demonstrated

gate devices in a 3prm p-wefl CMOS proess with a thin oxide of previously [61.
12 rim above the entire channel. In order to examine the effect

of Fowler-Nordheim Injection on thin oxide gate dielectrics, 3. Fowler-Nordholm Injection In MOS transistors.

otherwise identical but contacted floating gate transistors were First thin oxide MOS transistors (contacted floating gate

stressed with either positive or negative voltage at the floating transistors) were examined. Fig. 1 shows the charge pumping

gate white keeping drain, source and subtrate grounded measurements after different times of uniform

"Resarch ssistul I.W.O.N.L. Senior Research Assistant N.F.W.O.
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Figure 1. Chali pumping measurements after diffet stress "a of unirm Fower-Nordherm injon.

Fowler-Mordh elm Injction over the entire channel. The both.

increase in charge pumping current Indicas an increase of the Charges that are trapped in the oxide underneath the

interface state density. The shift of the edges of the curves floating gate are changing the intrinsic threshold voltage. This

npls e presence of charges In t gate oxide or at the charge also causes a variation of the Injection field at the

interfaces. Fi. 1 also stows the results of charge pumping SI-SIO2 Interface, which Influences the Fowler-Nordheim

measurements on the same structures after an additional I tunneling Injection from the substrate (it the charges are

second stress of the opposite polarity, located not to close to the interface [8D.

Wc can conclude from fig. la that Fowler-Nordheim E.g. a negative charge bocated in the thin oxide will reduce

Injection of electrons from the gate (VgO) generates interlace the Fowler-Nordhelm current towards the floating gate during

states and a positive charge in the bulk of the oxide or at the erasing. Therefore, the amount of electrons stored on the

SI-S1O2 interface (as detected by charge pumping). The floating gate after the programming operation, will diminish

postive chdge can easily be removed by a short Injection from causing a decrease of the external threshold voltage. But the

the other electrode. it was also noti d that the positive charge negative trapped charge will cause the intrinsic threshold

disappears rather quickly under zero field conditions. This voltage to increase. It can be shown that the influence of both

could mean that the charges are trapped very close to the changes on the external threshold voltage match exactly. We

Interface. Longtime Inetion of electrons towards the gate can conclude that uniformly distributed trapped charges

(Vg>O) generates interface states. In this case however, the (positive or negative) in the thin oxide have no effect at all on

net trapped charge, as se on fig. lb Is at first positive but the external threshold voltage after an erase operation of a

then becomes negative with increasing stress tine, consistent memory esp.

with [7M. A ho pulse of the opposite sig, after the negative If writing Is accomplished uniformly over . entire channel

charge build-up, has little influence. A comparison of the area, a negative trapped charge will reduce the tunnel current.

effectiveness of Interface slate generation under both Injection So, after the write operation, less electrons will have been

conditions is dt since te experiments am done at equal transported from the floating gate towards the substrate, thus

stress votages and thus not necessarily at equal stress leaving the floalt gate at a more negative potential than in the

currents. case of no trapped charge. At the same time the trapped

negative charge will Increase the intrinsic threshold voltage. In
4. Cfilgeo Ipe In floating gate devices, this case, both effects will result In a more positive threshold

The exltal thresold voltage of a floating gate translator Is voltage. A simple calculation shows that the combined effect Is

determined by the amount of charge stored on the floating dependent only upon the magnitude of the trapped charges

gate and by the Intrinsic threshold voltage of the transistor, and Is Independent of the centroid In the thin oxide.

dlefined a the oxtmal threshold voltage with no cuge on the If the writing is done non-uniformly, the trapped charges will

floating 9M. The degradation of the threshold window Is be distributed non-unlormly as wel. In this case, one has to

therefor caused by the co biined effect of the changes of consider sopet the Injection region, which determines the
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Figure 2. Degradation characteristic for uniform writing. Figure 3. Degradation characteristic for non-uniform writing at

the amount of charge stored on the floating gate, and the low drain voltage.

channel region, which determines the intrinsic threshold decreased injection from the floating gate. The positive

voltage. As demonstrated further on, a non-uniform write threshold voltage Increases slowly, possibly due to the effect

operation can introduce a large amount of positive charge at of the negative charge at the drain side and the interlace states

the drain side. The largest part of the channel will not be on the transistor characteristics combined with some negative

affected by this charge. So, the tunnel injection current will charges trapped very close to the Si-S102 interface in the

Increase due to the positive charge at the drain, but the intrinsic channel area, having a dominant effect on the intrinsic
threshold voltage will not be altered, leading to a net decrease threshold voltage and a rather weak influence on the current

in the external threshold voltage after writing. If the write injection (8].

operation is now followed by an erase operation, the measured If the drain voltage is higher such that a hole current Into the

. threshold voltage after erasing will be increased due to the substrate Is generated due to the deep depletion region in the

same enhanced injection current effects at the drain, drain 191, the degradation behaviour is totally different. We

observe trapping of positive charge in the thin oxide at the
.Degradation charaeterlstlc, drain during the write operation, causing the opening of the

As indicated above, two different programming modes were threshold window (fig. 4). The charge is clearly Identified by the

used. For a uniform writing operation, the degradation low voltage tail in the charge pumping characteristic (fig. 5).

proceeds straightforwardly : all trapped charges are distribted With increasing number of cycles the window is closing again,
uniformly over the channel. The degradation characteristics but as the two threshold voltages do not start to degrade
shown in fig. 2 can easily be explained by considering the filling simultaneously, more than one mechanism must determine the

i'of electron traps following a simple f irst order kinetic model and window degradation. Trapping at the drain of negative charge

by assuming the generation of electron traps during Fowler- can explain the closure of the threshold window but for the
Nordheirm Injection, as reported before 110. Simulation results

Vt [I
are also shown in fig. 2. Remarkable is that none of the 4 ...

measurements shows the presence of a positive charge during , *
the first cycles : the alternating high fields do not seem to allow 2

the permanent trapping of a positive charge, In contrast with 0

the dc stress results of fig. 1.
-2Degradation under non-uniform writing conditions is a more

complicated process. If the applied drain voltage is fairly Pow, -48 1 12

the degradation Is governed by electron trapping only. The ! Cycles
observed behaviour s roughly the same as for uniform x measurement + simulation

degradation (fig. 3). The process Is faster due to the larger Erase : Vg-15V, lors. Write : Vd-15V, 8ms.

fluence (elctronsAin l area) through the thin oxide at the drain Figure 4. Degradation characteristic for non-uniform writing at

side. The observed degradation Is mainly caused by a high drain voltage.
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__________CAI___ whole degradation behaviour. Simulation results, based on
I Ithese assumptions, are also depicted In fig. 5; they are
Lo vlag jl slowing the same qualitative behaviour as the measurements.

4 S. Conclusions.

2 An analysis of the degradation behaviour of fioating gateIdevices must be based on a careful study of the Influence of
-6 -6 -4 -2 0 2 trapped chargesIn the floatinggate transistor. When the wrte

Base le1e IV] operation is performed non-uniformly, an Important

* 10 cycles x 2E3 cycles A E4 cycles phenomenon is the substrate current due to the deep
* 2E4 cycles . I ES cycles depletion in the drain [9]. It no substrate current is present
o 1 E4 cycles at low threshold voltage during programming, no window opening has been observed.

Figure 5. Charge pumpilng measurements during non-uniform REFERENCES
writing after different numbers of cycles.
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B 1.3.1

A MONTE CARLO APPROACH TO THE STUDY OF THE DRIFT-DIFFUSION
TRANSPORT MODEL

Cinzia MANTILLI, Franco VENTURI, Bruno RICC6, and Enrico SANGIORGI

Department of Electronics, University of Bologna
Viale Risorgimento 2, 40136 Bologna, Italy

In this w rk, the Monte-Carlo simulation is used as a tool to investigate the field dependence of
electron mobility and velocity saturation in MOSFETs. A simple, analytical model, in good agreement
with experimental results as well as simulations, is studied from straightforward physical considerations.

I 1. INTRODUCTION

1. IN O N oM)awith average properties of the electron gas, only rela-
As known, the M onte-Carlo (M C) approach to tvl m l n ris n e ob o sd rd( y i al

simulation of current transport in semiconductors is tively small energies need to be considered (typically
more general than that based on the drift-diffusion up to a few hundreds of mV), the semiconductor band
(DD) model. Therefore in the (important) subset of can assumed to be parabolic and the electron scatter-

cases where both are equally applicable it can be used ing rate with optical phonons (fEop) is then simply::] given by [1]
as a tool to study crucial DD parameters that can be

independently derived from suitable average of individ- fEop(E) oc y/E - EOpT (1)
ual carrier characteristcs. In this sense, MC simulation

represents an ideal complement of the comparison with (where E and EOpT denote the electron energy and
experiments as it allows to independently evaluate sin- the threshold for the emission of optical phonons re-

gle effects that, in reality, occur simultaneously and spectively).
cannot be simply separated out. An interesting point emerges considering the ma-

In the present paper, this philosophy has been ap- croscopic average PsoP of fcop and plotting 1/PEop
plied to the study of the field dependence of the carrier and u calculated in the same points as function of Er.

mobility (A) and velocity saturation (VSAT) in MOS- Fig. 1 represents a typical set of MC results ob-
FETs that, as known, represents a crucial problem in tained for a ID n+ - n-n+ structure with the uniform

DD numerical simulations. dopings (1020 and 1014 cm - 3 for the n+ and n regions

For clarity we will separately consider the depen- respectively) with the simulator MOS 2 121. Several
dence on the longitudinal and traversal components points along the lightly doped region have been studied

of the applied field ( EL and ET respectively to make sure that the results are independent of (spe-
cific) geometrical and technological characteristics. In

2. LONGITUDINAL FIELD DEPENDENCE these calculations / has been obtained taking the ratio
In order to understand the essential features of between the averaged carrier velocity and EL, PEoP,

the microscopic physics responsible for the decrease in instead, simply counting the number of optical phonons
electron mobility, we have exploited the unique charac- emitted per unit time and unit volume.
teristics of the MC approach by looking at the effects of The evident parallelism of the two curves namely

the various scattering mechanisms among which, under
1

the operating condition of interest, emission of optical U PzoP' (2)
phonons plays a dominant role. Since, when dealing
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clearly indicates the mobility degradation to be een- If Pr denotes the probability of such a phenome-

tially due to the larger emission of optical phonons re- non, extending the approach of the previous section we

suiting from the field induced increase of electron en- have

ergy. (po K (Po + PI) - = Po-'(1 + P,/Po) -' (4)

10 :0 where Po represents the sum of the probabilities of
other scattering mechanisms that varying only with the

8 8 carrier energy are essentially independent on ET. (The

6 .6 consideration of these other effects is here required if

0 o po has to mantain finite values for vanishingly small

4- 4transversal fields).

o 6 The mobility dependence on ET is then simply

- described by the factor (1 + P,/Po)- 1 whose accuracy

2could, in principle, be easily studied by means of MC
2 . simulations of devices biased with very small EL so

as to deal only with the degradation due to ET. Un-
fortunately, small driving fields make the calculations

extremely long, hence prohibitively expensive.
E 6 103 V( 3() A much more practicable procedure consists of

S[ m]directly evaluating the analytical expression resulting

Fig.1 : and 1/Paop calculated with the MC aim- from the assumed approach. The model for the (elas-
ulator as a function of Er in a central point of a MOS 2 is
n+ - n - n+ structure (well outside the space charge tic) scattering with the interface included in

regions of the n + - n junctions). The doping of the that described in Ref. [4,5] that has been favourably
central portion of the simulated device is 1014 cm- 3. compared with others [6,71 looking at their effects on

the electron distribution within the MOSFET channel
Eq. 2 is a clear manifestation of the validity of and assuming the result of the DD simulation as a ref-

the relaxion-time approximation of the transport equa- erence.

tions (at least under the conditions of interest for real According with the chosen model, P, E

devices) from which the mobility dependence on the (E denoting the transversal field at the Si - Si02

driving field can be worked out. interface) and eq. 4 finally gives

The well known model for the mobility dependence

on the longitudinal field (EL) in MOSFETs po 1+ (E /Ec) 2 5)Proo
fil 1nMOSFEss (5)

v'2 + APo(3) where uo represents the low field carrier mobility and
rEc denotes a (constant) critical field to be essentially

often co eidered to be only empirical in the device sim- determined , ' ng experimental data.

ulation literature, can then be analytically derived 131. With ra ,T6 - eq.5 it is worth stressing that it

features only ti, ialue of Er at the Si - Si02 inter-
3. NORMAL FIELD DEPENDENCE face, thus describing a sort of global, rather then purely

Although under the conditions of interest, optical local effect. In practice this turns out to be particu-

4 phonons provide the dominant scattering mechanism, larly suitable for the simulation of MOSFETs where

that with the Si - SiO2 interface must also be con- the overwhelming part of the carriers is close enough to

sidered to account for the mobility dependence on the the interface and Rig, depending on the global charge

tra component of the applied field. within any given transversal portion of the device, in
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much more accurately defined than the local Er, often 10

strongly dependent on the details of the mesh used to
descretixe the simulation domain. 8 * . 2.32

Fig. 2 shows a comparison between the model
of eqs. 3 and 5 and a well known set of experi- - 1.56

mental results taken from the literature IS]. As can 6
be seen a good agreement is obtained with reason- 1.04
able values of the adjustable parameters (in partic- N? 4 *
ular uo = 950 cm2V- 1a- 1 , 'SAr= -95106 Cma- , 0.52

EC = 10 Vm-').

The figure also contains a few selected results of 2 EL [04 Vcm-1 ]
complete MC simulations of MOSFETs to show the ac-
curacy of the calculations used as a basis for the present 0
work. 5 10 15 20

ET [10
4 Vcm

-1]

Fig.3 : Velocity vs. transversal field (ET) for differ-
ent longitudinal field values: the dots are experimental
points 191 and the lines are obtained from MC simula-

b tions.

dthe effect of ET on VSAT is ultimatly due to the vai-

ation of the carrier interaction among themselves and
E with the Si-Si02 interface that depends on the actual

C current path and charge distribution within the device,

a thus exhibiting an intrinsically global two dimensional

dependence on the applied voltage.

6 11
o10p 104 105

WElcto EL [V M1]9
i Fig.2 : Electron velocity vs. longitudinal field for the -

following values of transversal field: a)ET = 3 • 104

V/cm, b)Er = 6 . 10 V/cm, c)ET = 8 . 104 V/cm, 7
d)ET = 105 V/cm. (e) represent experimental data EO
taken from the literature 181, (o) indicate the results

of selected MC simulations and the solid lines are o5- .
tained from the analitical model of eq.3.

A more complete set of MC simulations compared 3

with experimental data 191 is shown in fig.3.

Fig.4, instead, shows the dependence of the elec- -1,_ , _,

tron saturation velocity on ET that is found to be 0 2 4 6 8 10

substantial in the range of electric field of interest for ET [1 0f V cr 1]

submkcronsise devices. From a physical point of view, Fig.4: Velocity saturation vs. transversal field ET.
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B 1.3.2

HOT ELECTRON DYNAMICS MONTE CARLO SIMULATION IN HETEROSTRUCTURE
SEMICONDUCTOR DEVICES

Francesco ANTONELLI
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Via del Giorgione 159, 00147 Roma, Italia

Paolo LUGLI

Dipartimento di Fisica, Universiti di Modena
Via Campi 213/A, 41100 Modena, Italia

This paper reports on a Monte Carlo simulation of the hot electron transport phenomenon in an het-
erostructure semiconductor device. Two different electron populations have been simulated : the hot
electrons ijected via a tunneling mechanism into the base, and the thermal electrons arising from the
high doping density of the ballistic device. Electron-electron scattering and plasmon- electron scattering
have been introduced into the physical model which includes also electron degeneration and quantum
reflections at the collector barrier. The simulation has been compared with the experimental results
obtained from the THETA device at 4.2K.

1. INTRODUCTION (Hot Electron Injected Ballistic Device). In HEIBD,

One of the most outstanding trends in semicon- electrons are injected into the base with energies of

ductor devices technology consists in the reduction of some hundreds meV greater than the thermal energy;

the switching time. As a result of this operation it is this technique promises switching time of the order

possible to obtain high computing velocity, improving of lps. Looking at these estimates,it is to recognize

computer performances independently from its archi- the importance of a systematic study of the properties

tecture. The most common technology used in the of ballistic semiconductor device, and in particular of

fastest switching logic circuits is the MESFET tech- HEIBDs. We present here a Monte Carlo simulation of

nology (Metal Semiconductor Field Effect Transistor) a device called THETA (Tunneling Hot Electron Trans-
using, as semiconductor material, Gallium Arsenide fer Amplifier) [2], but the model applies also to other
(GaAs). Within this class of devices it is possible classes of ballistic devices. The device (see Fig.la),

to achieve switching times of the order of 50ps. Fur- is a heterostructure consisting of alternate layers of

ther improvements have been obtained with the HEMT GaAs and AIGaAs; electrons are injected into the base

(High Electron Mobility Transistor) technology which via tunnel effect through the potential barrier between

is capable of switching velocity of the order of 10ps. emitter and base. Because of the homogeneity of the

Very high speeds are obtained by minimizing the en- electric field in the normal direction to the plane of

ergy and momentum losses that electrons undergo as Fig. la, it is possible to restrict ourselves to a two

their cross the active area of the device. In this di- dimensional real space simulation.

rection, a very promising possibility resides in the con- The main aspect of this work is that, in addition

cept of Hot Ballistic Electrons; in a standard device, to the electron degeneration effects, the quantum struc-

as MESFET, and also in HEMT, electrons are injected ture of the potential barrier at the base collector inter-

into the channel with a thermal energy distribution and face has been taken into account; this is an important

a small initial velocity. In order to reduce the transit point in order to compare the model predictions with
time through the channel or the base, it is very ira- experimental data. All the computations have been

portant to increase their initial velocity; this is accom- performed on an IBM 3090-200/VF, which is particu-
plished in a class of devices that we will call HEIBD I1 larly suitable becuse it is a vector-parallel system, and
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because it has a large central storage capability. are included in scattering rates (through Pauli exclu-
In section 2 we will describe the physical model slon principle), In distribution functions and in trans.

that has been used while section 3 and 4 will be devoted mission and redaction coefficients.
to the discusion of results and conclusion. Some other important feature induced by the pe-

culiar structure of HEIBD are listed below:
2. THE PHYSICAL MODEL a) The doping in the base region produces a "sea"

A two valley GaAs model is used for the simula- of cold degenerate electrons ( in the simulated device
tion. The scattering mechanisms considered re with about 105 electrons.) These electrons are confined in
polar optical phonons, non-equivalent (r-L) and equiv- the base by the collector potential barrier; the pres-
alent (L-L) intervalley phonons, acoustic phonons, and ence of such electron "plasma is an important energy
ionized impurity. The Monte Carlo algorithm is cou- or longitudinal momentum los mechanism both on
pled to a Poisson solver in the way described in Refs. short and long range. Electron-electron and electron-
3 and 4. In HEEBD the quantum transport properties plasmon scattering are considered as in Ref. 5. These
are strongly affected by the shape of the conduction two scatterings are implemented splitting the Coulomb
band edge which is shown, for the particular device Potential in a long range part, responsable for the electron.
that has been studied, in Fig. lb. This structure and plasmon scattering, and a short range part responsi.
the high doping density, which in the THETA device ble for the electron-electron scattering. The screen-
is of the order of lO4/m$, introduced in order to ob- ing length, discriminating between the two different
tain reasonable emitter currents with a bias smaller regimes, is the Fermi-Thomas length. To avoid un-
than the separation between r and L valleys, impose physical long range correlations in the electron-electron
several quantum corrections necessary for an accurate scattering the partners are chosen, if there are any, in
description of HEIBD dynamics. The quantum effects the range of two Fermi-Thomas lengths.

E X To account for the Pauli exclusion principle which
affects remarkably the dynamics of the highly degener-
ate particles considered, we used the technique which

I )the k-space is divided in elementary cells of arbitrary
'volume, the occupation number (i.e. the maximum

;" .. ... ..... number of particles contained in agreement with Pauli
...... . ..... . .. exclusion princip.e) is obtained by counting the number

of states contained in each cell (see Refs. 3 and 6 for
15 details). In order to consider particle inhomogeneities

in the base, four different occupation numbers are com-
C puted in terms of the dimension of the region and as-

signed to a particular k-space matrix. Figure 2 shows
the particle distribution in the base GaAs layer after

I-. 100 time step aitd corresponds to region 3 of Figure
I&; the depletion near the emitter A!GaAs interface

XK

1 2 3 4 5
Figure 1: (a) schematic representation of the sim-
ulated device. The dotted regions (2) and (4) are
made of AIGaAs, the others of GaAs; (b) conduc- Figure 2: Distribution of particles in the base.
tion band edge without (dashed curve) and with The four regions in the simulation are divided by
bias (solid curve). the dashed lines.
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ig visible even if it is partially filled by some injected current of 100sSA and a collector barrier eight of 170
electrons. Two depletions are recognizable also near meV. A comparison with the injected particle spec-

the base electrodes. trum reported in Figure 3a shows that the width of

b) The second relevant point is the presence of the the distribution at half maximum, of about 65 meV, is

emitter and collector barriers. The spectrum of in- of the same order of the injected electron distribution,
S'jected electrons is obtained integrating numerically the and this is a clear signal of the ballistic behaviour of

Schroedinger equation for incident plane wave func- the injected electrons.

tions. In this way one obtains the transmission co- For the analysis of the characteristics curve few
efficient as a function of total electron energy T. (E) preliminary comments are needed. For a graded col-

and normal electron energy T.(E,), where E, is the lector barrier as in the THETA device the dependence

energy associated with momentum component kn nor- between collector bias AV, and barrier height AE, is

meal to the collector barrier. Two approximations have linear only for negative bias values and, in this case, is

been used: no alloy scatterings have been considered, given by:

such that the tunneling is perfectly elastic, the influ- AE, = -0, - AV, (3)

ence of the collector barrier has not been taken into where t. is the collector barrier height for zero bias.

account (resonant tunneling). Figure 3a shows the dis- For AV, > 0 this relation is no longer valid and is

tribution of injected particles N(E) at 4.2 K which, strictly connected with the grading profile which is, at

in terms of current density distribution, is given by: present, not very well know. For , we used the value

NE) f ( commonly quoted in the literature of 215_tameV, where
J, o is the errors are related to the uncertainty on the Al mole

and J(E,,) is curient distribution per unit surface: fraction in AIGaAs. The insert in Fig. 4 shows the
0 theoretical energy distribution obtained using the lin-

J(E3 ) T(E) fW(E)J1 - fB (E)JdEt (2) ear approximation given by Eq. (3) (circles), compared
Jh 0with experimental result (solid line). In this case one

where fig and fB are respectively the density of states has to consider that the experimental curve is obtained

in the emitter region and in the base region, and Et is indirectly, deriving the (I,V) diagram with respect to

the energy associated with the momentum components the collector bias. The two points in the interval (-

parallel to the collector barrier. 1.0,0.0) V are due to an enhancement originated by the

c) The last to analyse is the effect of a quantum col-
lector barrier. As already mentioned, the resonant 30- 24

tunneling has not been included in the model, thus it( (bI

was possible to consider separately the collector barrier 25 2It
g1

and compute numerically the transmission and reflec- 20' 16. 81

tion coefficients T.(E,) and RC(E,). It is very likely ?

that resonant tunneling has a considerable influence on = 15 12,

HEIBD dynamics, but in any case the presence, in con- 10 0
nection with the other effects previously described, of O

the quantum collector barrier, not considered in other 504
simulation, permits a clearer interpretation of experi- £ V U

mntal results. 0, 0-v .. .
0 0.2 0.4 0 0.2 04 0.6

3. RESULTS E (eV) E(eV)

We present here some of the results of the aim- Figure 3: (a) Energy spectrum of the injected

ulation, compared with experimental data. A more particles for I. = 100=l A; (b) energy spectrum

complete discussion can be found in Ref. 7. Figure 3b of the collected particles, with a collector barrier

represent the collected electron spectrum for an emitter height of 170 meV.
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phonon interaction and are not present in the experi- of 165 meV is correct, this point is a good check of the

mental curve, probably because the real injected parti- model because in this case the effect of the resonant

cie distribution is affected by interbarrier diffusion, in- tunneling is quite irrelevant.

elastic tunneling should then be considered. Analysing

in more detail the (IV) curve one can see the small tail 4. CONCLUSIONS

in the interval (-0.3,-4.2) V due to the corresponding In conclusion, we have shown that it in possible to

tail in the electron distribution. The degeneracy of the study ballistic transport using a semiclamical approx-
electrons is now fundamental preventing about 85As imation including very careful and sophisticate treat-
previously mentioned the comparison of the data is not ment of quantum effects; the data reported, deprived
straightforward for the positive collector bias because from arbitrary derivation from the energy distribution

of the presence of the grading at the collector barrier, show that the state of art is skillful enough to obtain

In this case it is not possible to use the linear rela- a good description of HEIBD dynamics. The model

tion (6); in fact the uncovered region between 0.0 and used is capable also of successfully describe other bal-

1 V is actually still under investigation, in particular listic devices. Furthermore,an analysis of the comput-

for what concerns the grading profile. Using, at 1 V ing time, for the code that we used in the present work,

bias, the value for the collector barrier of 165 meV re- suggests that the introduction of the next level of com-

ported in the literature, we obtain values for the trans- plexity (including a more complete evaluation of the
fer ratio in good agreement with experimental results. band structure and of the equation of motion) is poe-

In the same hypotheses Figure 4, where we reported sible with the present generation of computers. The

all Monte Carlo results for I, = IO01A (circles) and problem of resonant tunneling , which seems to play

I. = 6OpA (crosses), shows that the point obtained for an important role in the dynamics of HEIBD, need ad-
1.OV base-collector bias is in good agreement with ex- ditional investigations.

periment (solid line). Then, assuming that the value
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A MONTE CARLO ANALYSIS OF DIFFUSION-NOISE PROPERTIES IN GAAS-ALGAAS

QUANTUM WELLS

Rossella BRUNETTI

Dipartimento di Fisica, Universiti di Modena
Via Campi 213/A, 41100 Modena, Italia
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We present a general analysis of steady-state velocity fluctuations, diffusion and noise for electrons in GaAs-
AIGasM quantum wells under high-field conditions using an Ensemble Monte Carlo simulation. Here we analyze for
the first time diffusivity and noise problems in a two-dimensional structure by means of the velocity autocorrelation
function. From the Monte Carlo simulation we obtain results for the diffusion coefficient at various field strengths
and for the autocorrelation function of velocity fluctuations as a function of time for different physical conditions.
We also show the power spectral density of velocity fluctuations as a function of frequency for such systems, and
a comparison is made with the available data in the literature. The role of interband scattering, a new noise
source not present in bulk structures, is discussed, together with the comparison between bulk and 2D results.

spread the concentration of carriers in space.

1. INTRODUCTION This behaviour is described, at a phenomenological

A theoretical analysis of fluctuations and noise in semi- level, by the diffusion equation [3]:

conductors can yield relevant information on the micro- a
scopic interpretation of transport coefficients as well A on Ji = e(n(r)vdi - D(j[ ]1)

the detailed features of various scattering mechanisms. In

submicron devices, where high fields are present and ultra- In the above equation e is the electron charge, r is the spacial

fast transport processes are usually involved noise and dif- position with components zi, n(r) and J the particle den-

fusion may play an important role in the design and char- sity and current density, respectively, Dj" is the diffusion

acterisation of the device itself. At present very little ex- coefficient tensor (ij=1,2,3, the sum over repeated indices

perimental data exists on the noise properties of quantum is implied), vd is the drift velocity of the carriers in absence

wells and few theoretical investigations have been made on of diffusion.

fluctuation phenomena in 2D systems 1I, 21. If E is applied along a high symmetry direction of a

We treat the theoretical problem in terms of the auto- cubic crystal, then D,, reduces to a diagonal form, with a

correlation function, a quantity directly related to diffusivity longitudinal component Di and two transverse components

and noise, and we obtain results for realistic structures using D,. In the following we will analise diffusivity and noise

an Ensemble Monte Carlo simulation of electrons confined properties along the field direction; consequently we will use

to a quantum well. a simplified scalar notation where all the vector quantities

are substituted with their longitudinal components.
2. THEORY AND THE NUMERICAL PROCEDURE For vanishingly small electric-field strengths, diffusiv-

Let us consider an ensemble of non-interacting electrons ity D and mobility p are field independent and satisfy the

in a smiconductor subject to an external electric field Z

and to the action of scattering agents (phonone, impurities,- At high fields the Einstein relation fails and the study

.tc). If the electrons ae nonuniformly distributed in space of d is generally performed through the introduction

the phenomenon of diffusion ocms, tending to uniformly
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of a ld-dependent D [4]. of the physical model and the numerical procedure can be

If the onmatration gradients are small and in absence found in Reb. 8] and 1[9]. We do not consider the effect of

of cier e interatior D() can be obtained from irtervalley transfer of carriers out of the well in this work.

the flowg euntion [ During the numerical simulation, we follow the time
evolution of an ensemble of 4000 electrons whoe free flights

410n - -0 2D (2) awe generated stochastically according to the calculate
it Kcattering probabilities. From this ensemble, we calculate

where x is the displacement along the field direction and the SCM of the carrier displacement and the ACF of veloc-

brackets represent an ensemble average. The quantity on ity fluctuations about their mea value.the right-had side is the second central moment (SCMr) of iyfutain bu hi envle
D is determined both from the SCM following eq.(2)

the distribution n(r); Eq.(2) is valid at times longer than and from the AC? using eq.(4). S.(w) is calculated as the

both the transient transport time and the correlti.on time, Fourier transform of the ACF from the Wiener Kintchine

i.e. the time necesary for setting up the correct space- theorem. For the details of the numerical evaluation of the

velocity correlations which ae at the basis of diffusivity ef- SCM and the AC? se Ref. 141.
fects Is]. In order to compare 2D results with 3D results an EMC

The phenomena of diffusion is stricly related to noi- program for bulk GaAs has also been used [4]. The physical

se. The mathematical quannu'ty that describes the common model for Gaws includes the same intravalley and interval-

origin of diffusion and noise is the autocorrelation function

(ACF) of velocity fluctuations, which contains information le teri ou the 2D progrm, and then

on tie magnitude of the fluctuations and how they decay in

time: 3. RESULTS

C(t) = (8V(r)6v(r + t)) (3) Results have been obtained at 300 K for a 100 A well

(the mean value in steady state conditions is independent at different field strengths. Fig.1 and Fig.2 report the car-

of r). C(t) is related to the diffusion D through: rier drift velocity and the longitudinal diffusion coefficient as
Go [functions of field strength for both the 2D system and bulk

D J dtC(t) (4) GaAs. The absence of dissipative scattering mechanisms

below the optical phonon temperature does not permit sim-

Thus D can be evaluated through the knowledge of C(t), ulation of ohmic conditions. However the extrapolation to

which is of interest in itself since it gives important physical the low-field limit of the data for Vd and D satisfies the

information on the time evolution of the carrier dynamics. Einstein relation within the Monte Carlo accuracy.

Finally, we introduce the noise spectrum S(w):

r 2 2.4

.imr-..(I L v(t)e"dt ()3

Wiser-Kintchines theorem 161. E 20

The 2D physical system under investigatiou is a square "a

wall representing the ffective I D potential arising from the >

band offet between GaAs and AIGaAs (mole fraction of Al

in the alloy =.23). The solutions of the wave equation for 0 . . . .,._ . _.

this potential give rise to a eries of 2D dimensional sub. 0 2 4 6 8 10

bends which we un in calculating the scattering rates for E (Kv cm- ')

electnic motion parallel to the well, modeled using an En- Fig.a: Drift velocity as a function of field strength at

memble Monte Carlo (ZMC) simulation. For a well width 300 K for the 2D and the 3D systems (see text).

of 100A two eubbands are allowed in the central valley. We

tres both Watn ad ntersubbead scattering of the 2D elec-

ro, by bulk longitudinal opticil phonons (71; intervalley

scattering to the satelite L.valeS is also included. Details
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Fig.2: Longitudinal diffusion coefficient as a function T I M E (ps)
of field strength at 300 K for the 2D and 3D came. The

orizontal lines represent the equilibrium values (see text). Fig.3: 2D autocorrelation function of velocity fluctua-

tions as a function of time for E=2,6,10 kV/cm.

The ohmic mobility in the two cases is not significantly As a further confirmation of the above interpretation,

different because the 2D polar optical scattering rate is very Fig. 3 shows the normalized ACF of velocity fluctuations

close to the same curve for 3D. Consequently the equilibrium

D is also dose between 2D and 3D. as a function of time for E=2,6,10 kV/cm for 2D and 3D

A negative differential mobility effect is present in both A negative tail is present at 6 and 10 kY/cm which is due
to the dynamical effect of the transfer back and forth from

curves, and the threshold field in 2D is lower than in 3D.
upper valleys. Furthermore the time necessary to cancel

At room temperature, for fields lower than the threshold for the i b e ve ti nisar g at
elecrontrasfe totheuppr valey an bads he om- the correlations between velocity fluctuations is larger at

fields close to the threshold field, and then it decreases at
inant scattering is essentially given by polar optical inter-

action. When the electron energy is high enough to allow

transfer to upper valleys and upper subbands the mobility

decreases with higher field strengths.

The diffusion coefficient is found to decrease monotoni- 200

cally in both cases at increasing field strengths. At low and

intermediate fields D is larger in 2D than in 3D, because in-
terband scattering introduces a new randomisation process " 160

that increases diffusivity, noise, and decreases the autocor- "E
relation time of velocity fluctuations. At higher fields the r6

difference between 2D and 3D is reduced and finally it disap- 0 80

Pears when the electron energy is high enough to guarantee 10
full randomization of electron paths in k-space.

Our results differ from the theoretical data of van Rhee-

nen at al. [1] , who found large difference between 2D and 0

3D data for both drift velocity and diffusivity vs field, while 0.0 1.6 3.2 4.8

we find better ageement with experimental data 121 , even T (Ps)
though a direct compison would require the knowledge of T o cs a

Fig.4: Transient diffusion coefficient n a function of
both experimetal and theoretical lowfield d y. time for the 2D system at the same fields shown in

-~ Fig.
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Fig.5i: Power spectral density of velocity fluctuations
as a function of frequenccy at E--2,5 and 10 kV/cm for

the 2Dcae

Finally Fig. 5 shows the power spectral density of veloc-
ity fluctuations - a function of frequency at E--2,5 and
10 kV/cm. This quantity exibite the sam qualitative be-
haviour of the 3D) case. The bump at low frequencies is due
to the prSON of the negative tail in the AC?.
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A DETERMINISTIC PARTICLE METHOD FOR THE SEMICONDUCTOR BOLTZMANN EQUATION

Pierre DEGOND, Frederique GUYOT and Bernard NICLOT

Centre de mathematiques appliquees, Ecole Polytechnique, 91128 Palaiseau cedex, France.

We present a new particle method for the simulation of the semiconductor Boltzmann
equation. It differs from the Nonte-Carlo method by the approximation of the collision
integral: with each particle, we associate a new degree of freedom, a weight, the time
variations of which account for the collision integral by means of a quadrature formula.
Linear as well as non-linear collisio integrals can be handled the same way by this
method. It has been applied to the polar optical scattering in the homogeneous field
model. Numerical results are presented with an emphasis on the influence of the Pauli
degeneracy terms.

1. INTRODUCTION This paper intends to present a new method

which could provide an interesting alternative

In modern submicronic devices, the physical to the Monte-Carlo method (cf also [4]). It is

assumptions which base the fluid models (e.g. based on the ideas of Raviart and Mas-Gallic

the drift-diffusion or the hydrodynamic models) [5], and is presented in the next section

are no more fulfilled. Indeed the ratio of the

mean free path of the carriers to the active 2. PRESENTATION OF THE NUMERICAL METHODK length of the device is no longer small, and In this paper, we will only consider a

one has to consider the semiconductor Boltzmann constant field model. This model describes an

equation, in order to achieve a physically infinite and homogeneous sample of

reliable modelling. The most widely used semiconductor submitted to a constant external

numerical method for the simulation of the electric field. However the method extends

Boltzmann equation is the Monte-Carlo method quite straightforwardly to inhomogeneous cases

(cf [1] and references therein), but iterative [5], and numerical experiments are currently

methods [2] and direct methods [3] have been performed in this context. We recall that the

successfully used in very particular cases. Boltzmann equation in the constant field

The Monte-Carlo method, although very geometry is written:

successful in many areas, presents two major
drawbacks: first, the stochastic nature of the (1) atf(kzk 2 .t)- qE/A 8klf(kl,k2 ,t) - Q(f)

method introduces a lot of numerical noise
which makes the computations very uneasy in the where the distribution function f depends on

transient inhomogeneous regimes; second, the the components k1 and k2 of the electron wave

definition of an appropriate stochastic process vector k, respectively parallel and tranverse

can be extremely complicated in the non-linear to the electric field E. We recall that q is

cases and lead to quite expensive computations, the (positive) electronic charge and A is the

Thus the development of new direct numerical reduced Planck constant.

methods seems very important for the future of The collision term Q(f) describes the

the numerical modelling of the Boltzmann interactions between the electrons and the
equation, lattice (up to now, we do not consider

electron- electron collisions), *and is given

by:
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(2) Q(f) f f[ s(k',k) f(k') (1-f(k)) with that of Kuivalainen and Lindberg [6].

s(k,k') f(k) (1-f(k')) I dk'
3. NUMERICAL RESULTS FOR POLAR OPTICAL

where s(k,k') is the transition probability SCATTERING

from a state k to a state k'. The (1-f) terms The aim of this section is to present an

in (2) account for Paull's exclusion principle application of our numerical method for the
which also implies that f is comprised between investigation of degeneracy effects on polar

0 and 1. For lightly doped materials, the (1-f) optical scattering. We used the expression of
terms can be neglected and the collision the transition rate s(k,k') given in [1] and

operator approximated by: the numerical values for GaAs [1]. Beside the

polar optical scattering term a relaxation time
(3) Q(f) = f [ s(k',k) f(k') model ( of order 10- 11 s) was introduced to

- s(k,k') f(k) ] dk' account for the other sources of scattering

(impurities, acoustical phonons). The
The numerical approximation relies on.a distribution function was initiated with an

particle description of the distribution equilibrium Fermi-Dirac distribution at the

function, which means that f is decomposed into lattice temperature ( T = 77 K ) and the

a sum of delta functions: electric field was lO Vm-1 which is the

highest value for which we can neglect

(4) f = 1i wi fl(t) 8(k1-kI (t)) 6(k2 -k (t)) intervalley effects.

We performed several numerical computations

where ki(t) and kl(t) are the positions (in the with different electron densities (that is

k space) of the i-th particle, ui, a constant different values of the chemical potential for

control volume, and f1(t) a time dependent the initial Fermi-Dirac distribution). On

weight. In a Monte-Carlo method, the product figure 1, we display the mean velocity versus

&i fi is constant in time, and both the time for 3 values of the electron density. At a

collisionless dynamics (given by the left hand density of 1017 ci-3  (plot 1), a slight

side of (1)), and the collisions (right hand velocity overshoot is present. At 1018 cm-3

side) are accounted for by the motion of the (plot 2), the stationary velocity is smaller

particles. In the present method, the motion of and the overshoot has vanished. But the

the particles is ruled by a collisionless qualitative behaviour is quite the same.

dynamics, whereas the collisions are accounted However, at 3.1018 cm"3  (plot 3) the time of

for by the variation of the weights, through a the simulation was not sufficient to reach the

quadrature evaluation of the integral (2): stationary state. Furthermore, the stationary

velocity is much higher than in case 2.
(5) 8tkl - - qE/* ; 9t k =0 The physical interpretation of this

behaviour is given when considering figures 2

(6) 8f1 - 1 [ s- (k,,k,) f4 (1 - f,) and 3 which display the traces of the
sf (k,,ks) fi (I fj) ] distribution function along the kI axis

(parallel to the electric field) respectively
s(k,k') represents a smoothed approximation of at the initial time and at time t - 3 ps and

s(k,k') wim it displays singularities (cf for the 3 values of the density. On the

details in [4] ). The differential system (5) figures, we have reported the value of the

(6), is solved by standard finite difference threshold for polar optical emission (ie the

methods. This method presents strong analogies wave-vector corresponding to the optical phonon
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Fig 1: mean velocity versus tim: density -
1 O7 -cm (plot 1) , 1018 cm-3 (plot 2) Fig 2: trace of the distribution function
3.10 8 cm-3 (plot 3). along the k axis at time t-O: density - 1017

cm- (solid line) , 1018 cm"3 (dashed line) ,
3.1011 cM"3  (dotted line). The vertical line
indicates the position of the threshold for
polar optical phonon emission.

energy: vertical line). Indeed, the scattering

becomes significant only for electrons with

wave-vectors larger than the threshold. 1.0

For a low density (case 1), the chemicalI

potential is much lower than the threshold

energy (figure 2). Thus, the transient regime 0.8 3%/

begins with a quasi ballistic part, where

electrons are accelerated by the field with 0 , 3

almost no scattering, until they reach the 0.6

threshold energy. Then, they undergo a strong

scattering which sends them back to lower 0
energies and produces the overshoot on figure ce

SThe stationary distribution function (figure

3) has a very sharp gradient near the 0.2
threshold, indication of its very strong

influence. In this case, the use of a linear

scattering term (3) would produce very similar 0. 0.
results [4]. WAVE-VECTOR ( x 10 m-' )

At the intermediate density (case 2), the
chemical potential is almost equal to the
threshold energy (figure 2), which lies at the Fig 3: sam as fig 2 at tim 3 ps.
edge between full and empty states. Thus, a
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B larger number of electrons undergo optical straightforwardly extended to non-linear

scattering, from the outset. This reduces the collision operators. Furthermore, this method
ballistic phase of the motion and the overshoot enables to obtain snapshots of the distribution
disappars. Similarly, the stationary function during its time evolution, which could

distribution (figure 3) does not keep any be of great help for the understanding of

reminiscence of the optical threshold. physical phenomena. As an example, we have

At the highest density (case 3), the applied it to the analysis of polar optical

chemical potential is much higher than the scattering under high doping conditions and

threshold energy (figure 2) the importance of found that these could largely affect the

which has completely vanished: the qualitative behaviour of the interaction.

behaviour of the velocity curve (figure 1), is

then similar to that of a relaxation time ACKNOWLEDGEMENTS

model. On the other hand the (1-f) terms in The computer cost has been supported by the
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Tim as a direct contact material and a diffusion barrier to n+ and p+ implanted
orbs

A.Lindberg, M. stling, ff. Norstram* and U. Mennstrbm*

Institute of Microwave Technology,
Box 70033, S-100 44 Stockholm, Sweden

• RIA AB, S-163 81 Stockholm, Sweden

Sputtered TiW(15/85 wt.%) has been investigated as a diffusion barrier layer

between Al and Si and as a direct contact material to n+-and p+-doped silicon

areas. Rutherford backscattering spectroscopy (RBS) in combination with reverse

leakage current measurements on gated diodes were used to investigate the

barrier properties of the deposited TiW films. Til was observed to prevent

intermixing between Al and Si up to 450 OC. Your terminal Kelvin resistor

structures, implanted with different doses of As and SF2 , ranging from lE15

cm-2 up to 16 cm
2 , were used to determine the respective contact

resistivity. The actual surface doping concentration was determined by

spreading resistance profiling (SRP). Contact resistance values well within the

acceptable limit for VLSI processing were achieved.

I. INTRODUCTION concentration on the contact resistivity of

To prevent contact failure of shallow Tim. A parallel investigation of the diffusion

Junctions as a result of spiking or formation barrier prop eties of Til was also carried out.

of silicon precipitates, a diffusion barrier

film, positioned between the aluminium 2. MXPEPRMENTAL DETAILS

interconnect layer and the silicon contact, The experiments in this study were

must be added. Among the barrier syste performed on both p- and n-type silicon wafers,

investigated Til (13 and Tit 123 have achieved C100> oriented of 15-25 Acm resistivity. The

considerable interest. active device area were patterned using

Tim has been extensively used in bipolar conventional LOCOS technique. The n-type wafers

technology to prevent intermixing between the were implanted with BF2 and the p-type wafers

Al-intercomect layer and PtSi 8cbottky-camped were implanted with arsenic. The Implantation

contacts. Recent reports 13,41 have energy was 50 NeV for both arsenic and Wr2 . The

demonstrated the possibu ue of TIw both && des used wer 1315, 2315, 5315 and 116 cm'2 .

1ff uIon barrier layer ad as a contact Ion implantation was performed through a thin

reorial to n+ - end p+-diffusices in 5d1'Sled (200k) screen oxide. The arsenic implantations

COS processing. eoever, only limited amobnt were annealed at 1000 oC, 30 minutes, in

of iOfozmation is presently available on the N2-ambient and the 82 implantations were

contact resistivity of TIm. Furthermore, the
published data exhibits a large spread, nitrogen anled at 925 °C, 40 minutes.A phosphoslicate glass (?sG) film,

possibly due to the various methods used to-

define the oetact Windove 13. approximately 4500A, was subsequently deposited

SUP mon the wafers, to serve as a passivatlon.

study th Influe ne Oi surfacdodst Contact window* were opend by reactive Lon
Sstudy the influnce of surface dopat etching (RI3) In a mixture of 01r3-02.
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Before metal deposition the wafers were 3. Results

subjected to a atandard cleaning proceedure 3.1 Copositional analysis

followed by a short dip in diluted HF. Three The deposition parameters of the TIlN

I different sets of samples were prepared. The barrier layer was investigated by means of

first group consisted of 3500A of Al covered Rutherford backscattering spectroscopy (RBS).

with a top layer of 1200A of MoSi x. The This analysis was performed on a Tandem van do

Grasf accelerator operated at 2.4 MoV,composition of the NoSix film was detezminod by 
4 Bo-iona. The on current was in the 20-40 nA

RB8 to be Mo~ll, 9 . The MOSl 9 top barrier was range. Figure 1 shows the titanium content in

include to serve as an etch stop and hillock the deposited TIN film verus pressure and

supressor in a double layer metallization power. It is readily seen that the tungsten

concept, content in as deposited films increases when
In the second group, approximately 1200k of the pressure is reduced as a result of less gas

TIM was Inserted between the Al/MoSil.9 phase scattering (6).

sandwich and the silicon to act as a barrier 111t!
layer. The trilayer structure was deposited

without breaking vacuum. 10,

The third group was similar to the second

one except that after Til deposition the wafers
were taken out of the sputtering system and .
submitted to an oxygen plasm treatment - " is7KW
TL±(02), at I Tort, 450 1 for 30 minutes, after

which they were returned to the sputtering I 1 2,

system for the AL/lo8 1 .9 sandwich deposition. PRESSURE (mT0)
The plasma treatment was done in order to
improve the barrier properties of Til. IrxGUM 1
A D.C. magnestro spUttering system was usedfor

metal deposition. Te substrate temperature The weight I of Ti in the deposited Till film
vs. argon pressure and power.

during sputtering was keit at 300 oC. The jaL

film were deposited from a L(% $i1, 0.5% Cu 3.2 Thermal stability

target. The NO81i . 9 and Tll films were, The thermal stability of the barrier
deposited frm compound targets (foll2. 1 and structure was also analyzed by RB. The
Til 15/45 wt. 0) . All samples were given a backacatteriAg results of the Al/TiW/silcon

thOseal sin ering treatment at 400 oC for 75 structure is shown in figure 2A. Three spectra
minutes in hydrogen prior to electrical ato displayed, the as deposited structure,

evaluation. after annealing at 4500C and 4750 C for lh

Kelvin structures were used to measure th respectively. The RAS spectra for the

centat ristanoe and gated diodes (SOOgS00 as-deposited and the 4500C samples are almost

pi) ware used to measure the reverse leakage identical, Indicating no Lnterreactons at all.
currnt. Annealing at 4750C leads to a reaction between

Part of the samles ware isooroically Al and Till, as can be seen from the push
forward of the leading edge fog the 3 signal

annealed for 60 minutes at temperatures up to
and from the tail Of the trailing edge for the* 550 ec in ordar to investigate the thermal

stabiity of the respective oft" system. Al signa. In one set of samples the TiW

film was subjected to an 0-plasma treatment
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AsWIdUIde the relative fraction of failing diodes are

45M.~ef tplotted versus annealing temperature. A diode
-is considered as failed if the revers* current

6. 41Ch density exceeds 0.2 JAc-2.

Three structures are shown: i) Al/Si, LL)
04 AlI/TiW/Si and iii) Al/TiW(02 )/8 Al

Al structures have a top metallization layer of§2 8 W ko8£i. 9 . rat the Al/TiW/Si system the diode

failure population starts to raise at annealing
temperatures above 450 OC. When the TiW layer

BACKSCA1 ERINENERSY(MO2KoVICL.) was subjected to the 02 -plasma treatment a very

Orposs low failure rate was detected even for

::g 2_:MWWtemperatures up to 550 OC. These observations
concur well with the Rns measurements (fig.2).

64 4P Mhi

; A

12 Le2IG
Q

FZGRB 2 1 fli 1 121O17
Rutherford backscattering spectra showing the AMJINEMLIN TRAIURI(C)
metallization system before and after
heattreatmnts. The upper figure displays the
results for the Al/TiW/eilicon system and the
lower figure shows the Al/TiW(0 2 )/silicon FIWUG 3
system. Failure % for n+-diodes (1531 cm" 2 ) versus

annealing temperature.

before the aluminium deposition. Figure 2b
shows the R38 results. It is readily seen from 3.3 Contact properties
these spectra that such a barrier layer can The four terminal Kelvin resistor structure
withstand significantly higher annealing (7) was used to extract the
temperatures via.up to 550°C. Only a minor tail metal-semiconductor contact resistance Ro. A
in the tungsten signal can be &een after DC- parameter analyzer was used to force a
heattreatmont at 550oC, indicating a small known current through the contact on two
interreaction. opposite pads and simultaneously record the

ackesattering results, however, only resultant voltage drop between the remaining
Compriee information from unpatterned pads orthogonal to the current path. The

* structures. iodaes wee therfore prepared in specific contact resistivity (po) was obtained
order to electrically evaluate the barrier
Pepss ftemtliainshmTe by multiplying the measured contact resistance
pmepeo ed ti amt alletiem scheme. The
xi elts Exaom reerse leakage O sent R o . with the known contact area, A, i.e.

measurements ae preseted in fliour 3 where PC I R'A (1)
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The contact resistance as a function of possibly be the result of an area increase due

contact bole size, for a fined doe of 315 to aluminium pitting (9] upon anneal as the Tim

cm-2, are plotted i. figure 4a and 4b. As contaot resistance reveal* a larger dependence
expected* oxygen plasa treated TOW contocts on contact size.
exhibites the largest resistance. it Is aso To investigate the influence of dopant

noted that alumisism, as a contactimaterial to concentration on the contact resistnce1 Kelvin

psilicon surpases ordinary TiM whereas the patterns were implanted with various doses
reverse holds for contacts made to n+ doped ranging from I13 c&-2 up to IZIS c72 . no
areas, active surface concentration, subsequent to

10 thermal activation, was estimated by spreading
resistance profiling (831) . The results are

recapitulated in table 1 together with SwimsK
simulation data.

101 W
ilsI 170 4.0119 as 1.0(19 AS

~SMM HIS so 50 1320 As
10' 8 LS1 26 1120 14

loo 10, 111 26 1.252 20 3 1520 AS

CONTACT UZ3( nem)
loo O1 270 1."I9 191 .(1 5

*~i M 15 13 Z9 9 2.21E 19 OF2

SEIS11 93 "L1it 39 1.419 V2
U! 102S H1 2 4.119 21 1.0(20_BF2

Sheet resistivity and surface concentration
verus dose. Measured and @smlated using

lee 10 E ased on tunnling theory 110,111, the

OONTATM~mens)specific contact resistivity p0 can be

Flo 4 expressed as

Pc- Ae*xP(U*/ 1 C0 ) (2)
Contact resistance as a function of contact
hole size. te figure shows the results for where A and a are different constants, *b

imp"I (UPoV i- ".W2(01 i denotes the mtal-semiconductor barrier height

and C0  denotes the active surface

The zesistance is observed to increase less concentration.

dramticaly than Predicted by the scaling In figure Ua and 3b the recorded data of

theory in aftemmnt with the findings of Cohen o~ 0  s lte ess /C o w

et al. 163. a*~ viLAtIe f ro a strictly aresa o 0)L lte vru /C o w

dependen1t6 e0taft eSlatemes value is largest different contact sizes* The presented. values

for Al-contacts to p* sulm. ThJ. cold closeily resemles a straight Line as predicted

by the equation (2) above.
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______________________resistivity to n+ silicon below 83-7 would be
necessary.

A slightly higher value of the contact
resistivity to p+ areas is acceptable because

I of the lowsr transconductance of p channel
0 10s

The presented resistivity data clearly

4n Indicates that TiLV can be used as a direct
10-6 contact material to n+ silicon at and above the

8 I-ft

. 11wc4) one micron level where the resistivity of
z AM(SS

0 sPS luminium contacts would be too high. However
it might be necessary to improve the contact

10*7 between p+ silicon and TIll, e.g. use rapid
O's 1,2 1,6 thermal processing for activation of boron in

11, CoxE-10 combination with an Improved contact etch

10-1 proceedure (53.

>-0 pp.117

12). N-A. Nicolet, Thin Solid rilms, IL, (1976)
In pp.415

~ 10 31. B.S. Cohen, N.J. Kim, B. Gorowits, R. Baia
I- and T.r.Ncoelly.Appl.hy.Lett.Al..4.

o (4). R.AN. Wolters and A.J.H. Wmllissen,

1,4 Is 2. 2.6pp.131

1/1C X I-10(53. N.J. Kim, D.N. brown, 5.8. Cohen, P.
Piacenta and D. Gorowits,
IEEE Trans. S lectron Dev., MR%= (1965)

WIGUIM 5pp.1328

The contact resistivity is plotted vs. 11rk 0  (6). N. Mill, solid State Technology, pp.53
for different contact areas. The upper diagram (1960)
shows the results for arenic Implantation
whereas the lower diagram, show the raelts for (71. S.J. Proctor and i.W. Linholm,
the W2 implatetiong. 2lectron Dev. Lett., ER " (1362) pp.234

(5.S.. Cohen, G. Gidenblat and D.N Brown,
4. COCLMIG IdUJOSJ. Slectrochem.Soc.,22L, 4, (1983) pp.976

Por a given contact resistivity the ratio (9]. O.J. ' rootor, L.W. Linhola and J.A. Mazes,
of the contact resistance to the Intrinsic Trana.9l. Dev., MO3A, (1963) pp.1535

retance of an PET Increasee quadraticaly if '10). A.? C.Tu, Solid State Electron., 13,

constant field scaling Is applied13. (123.pp23
lit erdsr to beep the eeetributiom from the 1113 .C.T. Chang, Y.K. rang and S.M. Sae,

contact reastanees below it of the channel Solid State Electron., A&, (1971) pp.541
resistance for a I Pis teebmelegy, Cheu an" 1121.J. T-1. Chen and 3.3. knsack, Zl Trans.
Renteob (123 have shown that a contact Electron Dev., JR== 11. 1963, pp.1542
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P1.1.2

COMPARISON OF THE BEHAVIOUR OF ARSENIC DURING TITANIUM AND TUNGSTEN DISILICIDE
rOPNATION

3. TORRES, 3.C. OBERLIN, G. BONCHIL, A. PERIO
0. LEVY*
A. SAULNIER, J.P. PONPON, R. STUCK*

Centre National d'Etudes des T6lecomunications BP 98, 38243 NEYLAN FRANCE
tull, Rue 3eon 3surs, 1B 30 LES CLAES-SOUS-BOIS FRANCE*

Groups Phase, u.s. CNRS 292, Centre de Recherches Nucl6aires, 67037
STRASBOURG**

The direct reaction between W or Ti and silicon, to form tungsten sulicide and
titanium silicide is studied for both unimplanted and arsenic implanted silicon
substrates. For W on implanted substrates, the silicide growth rate decreases
drastically, being dependent on the implantation dose and energy. The dopant
effect can be explained by the formation of a dopant rich phase at the
silicide/silicon interface. For Ti, the dopant effect is much less pronounced,
slowing down the rate of formation of the silicon rich phase TiSi 2 . A clear
arsenic pile up at the silicide-silicon interface is not observed. The
diffusion barrier is distributed in the whole siltcide layer.

INTRODUCTION tungsten represent two extrem cases for the

The direct reaction between refractory reaction of a refractory metal with silicon.

metals and silicon to fore a silicide is Nevertheless they are both promising candidates

becoming an important step in the preparation of for selicide applications so that a
self aligned contacts for VLSI technology. As comprehensive knowledge of the nature of their

the silicidation is generally realized over reaction with undoped and highly doped silicon
highly doped silicon regions (source and drain will be necessary to achieve reproducible and

in NOS transistors), it is necessary to controled properties (silicide phase obtained,

precisely control the behaviour and the role of thickness, sheet resistance...) during the

the impurities during the heat treatments. formation of contacts in a process at the
Specially, the influence of dopants on the micrometer scale.
silicidation mechanism end on the reaction

kinetic* is of prim interest a they can modify The W/Si reaction
the silicon diffusion through the already formed A reference sample was prepared by
silicide layer and strongly delay or even block sputtering 1000 A* of tungsten on an unimplanted
the reaction between the metal and the silicon. monocrystalline silicon substrate. For a first
In addition, redistribution effects my lead to group of samples, the silicon substrate has
dopant losses and changes in the junctions been arsenic implanted at 180 kev using three
properties, doses prior to a 400 A* X layer deposition

As the behaviour of a refractory (table I). The implantation energy was choosen
metal-silicon system will depend on the nature to localise the arsenic peak at the final
of the metal, we have investigated in this paper silicide/silicon interface position when

the growth of tim ,tIm and tungsten disilicides complete WSi 2  formation is achieved. For a

In presence of implanted arsenic in order to second group of samples, a 400 A* thick W layer
have a comparison of these two structures in was deposited on silicon substrates implanted at
term of silicidation kinetics and arsenic thee different energies, the implantation depths
redistribution. Due to their quite different decreasing from the preceeding value down to a
behaviour with respect to oxygen, titanium and very shallow implantation. The samples were

furnace annealed a 99,99% pure Argon flow at
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temperatures ranging under from 6W*C up to __

10000. A00014_ @"of. I " .-- V'"'P°""C 1
allow - C I -I
2(25 U S 22 • ef I

2625 aWI 2 3 II 14

.

1.ll$ 1 M 3s IIe.

I9 ON .0 " 4411"

gets I" M I w 50 A. S 8S

I__ I ___ I _ _ l I61

TABLE I _ _ _ _

Implantation conditions and annealing results in t ______

the W/Si hystem. ,lie 1000" I N

For the reeren.e rmhper the dasalicede

formation is alrdy observed at 6o00C end aor

one hour annling at 675C, the reaction is sat
~~nearly complete. The temperaturea nd time needed ,
~to obtain a complete reaction between W and

arsenic implanted silicon substrates are li.

i considerably greater. For the group I samples,

t a annealing teperture of 9000C, the amount li .Se M S
of silicide formed for one hour decreases with ME (s)

i ncreasing As domes. On the other hand for the

group 11 saples the silicide amount formed

after annealing at 8500C for two hours decreases FIGURE 1

when decreasing the implantation depth. RBS and SINS profiles of Si0 2 /W/5E15 ion/cm2 arsenic
SINS analysis performed on group II samples (Fig doped Si substrate structures (Rp=79rm)

a) unannealed ; b) annealing at 900°C for one
I) indicate a high level of As segregation into hour ; c) annealing at 10000C for one hour.
the Si substrate with a clear dopent

accumulation at the growing sulicide/silicon The greater is the arsenic dose initially

Interface (snow-plow effect). located in the silicon consumed during the

silicide formtion, the greater is the arsenic

F accumulated at the silicide/silicon interface.
JThe X-ray diffraction spectra of the sample

Ie implanted with the highest dose show additional

peeks corresponding to the W2 As3 phase.

SAs Ti/Si reactionI .3Arsenic doses of 2E 15 ion/cm2 and i E 16
ion/cm2 have been implanted into silicon prior

to titanium deposition. Titanium layers up to

lie. lOOnm thick have been a-beam evaporated under
vacuum. In order to reduce oxygen incorporation

IN I during the deposition process, the substrates

"m ,,) were held at 3500C. Annealing was then oerfnreed
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at 700C and 7500C for I to 50 seconds in a than the final silicide/silicon interface

tight rapid teal annealer (ATPL 10) position. At the same time the silicidation

under argon ambient to avoid any titanium kinetics is somewhat slowed down (Fig 3). This

contamination by oxygen dur ing the heat effect increases with the arsenic doss and

treatment. The growth kinetics of the slicide decreases with the annealing temperature.

and the a nic redistribution ave ben However, in contrast to what can be observed for

investigated by RS and SINS as a function of the W-Si system, the reaction between Ti and Si

the annealing conditions. is not hindered but the rate of formation of the

silicon rich phase TiSi2 , is noticeably

1 reduced, especially for the highest arsenic
top IA7C . . dose. As a result, the time needed to completely

transform the titanium into TiSi2  for the

r ............. highest implanted substrates, is actually much

lie larger than for implanted samples. Fig 3 shows
A.

that at 700"C, this time increases from about

12 to 40 seconds for a 2E15 ion/ca2  dose.

Furthermore for the E16 ion/ca2 dose, the

reaction is not complete within such an

111'annealing duration and both TiSi2 and a metal
Isom W rich silicide, probably TiSi still remain.

(.)Obviously, as the lowest sheet resistance values

can only be obtained with the disilicide phase,
RTA 70. 1 the presence of large concentrations of arsenic

delays the achieveaent of convenient electrical

properties, although they do not actually impede

Ithe reaction.

SCTS.- -1,

I',~.6 
.___________

lie C I A. f.

FIGURE 2 i' g a 4
A nne q tt"(I

SIMS profiles recorded for 2 E15/cm2 arsenic
atoms at 40 key introduced into silicon before FIGURE 3
Ti deposition.
a) unanneeled ; b) annealing at 700C for , Kinetics of silicidetion by Ti/Si reaction as a
seconds ; c) annealing at 70C for 36 seconds. function of arsenic dose implanted in Si. Arrowsindicate the final silicide phases observed.

As shown in Fig 2, for a shallow

implantation into silicon, arsenic incorporated Discussion

in the growing silicide, redistributes very As shown by the experimental results,

quickly through this layer. At the end of the arsenic implantation in the silicon substrate

reaction, the arsenic is found uniformly drastically influences the W and Ti silicide

distributed into the silicide, this result being formation, slowing down the silicide growth

independent of the initial position of the kinetics or even blocking it. During W silicide

arsenic implantation provided it is shallower growing, as the silicon atoms leave the
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silicon/sllicide interface to diffuse through 7500C for I to 50 seconds. The silicide growth
the formed silicid. layer and rest with meal kinetics results are similar to those obtained
atoms at the metal/sluicide interface, the with As implanted in silicon. In contrast, when
impurity is left behind and accumulates at the As is implanted into W, the reaction between W
sllicide/silicn interface. Above a critical and Si occurs without any blockage and the
arsenic level accumulated at this interface, the silicide growth kinetics is quite similar to
formation of the W2 As 3 arsenide compound can those obtained with the non implanted reference
take place. Silicon diffusion is blocked thus somple.
also silicide formation. The silicids growth can
be stopped uniformly leaving an homogeneous Conclusion
unrested W film, or the reaction can proceed It has been shown that arsenic has a greet
only at a few points through the diffusion influence on the reaction between W and Ti with
barrier, likely W2As3 , built up at the silicon to form the disilicide. In the case of
silicide/silicon interface leading to a laterely W, the silicide growth is drastically slown down
uniform metal layer [1]. In an intent to or even blocked. Similar trends have been found
overcome the barrier effect, samples of group II for Ti. It seems however that the diffusion
and III were annealed at temperatures higher barrier which prevents the silicide formation is
than 900*C. In this case, large stresses develop less effective. The results have been explained

probably at the W/WS12 boundaries [2] leading, by assuming that in the Ti case, the diffusion
in several cases, to non adherent layers. barrier is delocalised and distributed in the

The dopant segregation clearly observed in whole silicide layer whereas in the W case, a
the W/Si reaction which produces an As pile-up discrete dopant rich blocking layer is formed at
acting as a diffusion barrier at the the silicon/silicide interface.
silicide/sillcon interface, is believed to occur

also for the Ti/Si case [3]. R.B.S observations References
of such arsenic segregation between TiSi 2 and Si rl] C.O. Lien and M.A. Nicolet,
have been recently reported (4]. However, the .Vac.Sci.Technol.82, 738 (1984)
SIMS results we have obtained do not show that [2] G. Boachil, G. Goltz and 3. Torres, Thin
such accumulation is very important. In Solid Films 1O, 59 (1986)
addition, as the dopant effects ae much less [3] H.K Park, 3. Sachitano, M. Mc Pherson, Y.
pronounced for Ti/Si then for W/Si, it can be Yamaguchi, G. Lehman, 3. Vac. Sci. Technol.
supposed that the'process leading to a reduction A2, 264 (1984)

of the TiSi2 growth kinetics may be different [4] K.Msex, L. Van den Hove, R.F. De
from the W/Si case. Then, in agreement with Keersmaecker, J.C. Oberlin, A. Perio, J.

Torres, G. Boachil, W.F. Van der Werg,recent results (5], it seem more reasonable to Special issue "Le vide, les couches minces",
Europeen Workshop on refractory metals andassue that the delay in titaniu slltcide silicides, Aussois, 1987, p.95

growth is related to the presence of the
impurity in the silicide layer rather than at [5] R. Boyers, D. Coulson, P. Merchant, 3. Appl.
the interface. An arsenic-titanium compound Phys. 61, 5110 (1987)

distributed in the sillcide, at the grain
boundaries, will not stop the reaction but only

slows it by blocking easy diffusion paths and

reducing silicon transport toward the unreacted
titanium. To check this assumtion, arsenic has
been implanted into Ti instead of into Si, end
the samples have been annealed at 7000C and

.. ....



P1.1.3

LPCVD TUNGSTEN FILLED VIAS FOR MULTLAYER
METALLIZATION

S.-L. ZHANG, R. BUCHTA*, T. JOHANSS9V~*, H. NORSTROM**,
and U. WENNSTR6M

* Institute of Microwave Technology, S-100 44 Stockholm, Sweden
*"RIFA AB, S-163 81 Stockholm, Sweden

ABSTRACT

Tungsten, deposited in a hot wall LPCVD furnace, was used to fill vias and contact holes.
Starting from a planarized silicondioxide surface, vias and contact holes were opened by RIE to
the first metallayer. Prior to tungsten deposition, a layer of 500A TiW was sputter-deposited
onto the wafers. The thickness of LPCVD tungsten was chosen to result in a planar surface with
all the vias filled. In the next step tungsten and TiW were backetched, using a mixture of
CF4/0 2 , thus reestablishing the planarized silicondioxide surface with all the vias and contacts
filled with tungsten.Blectrical measurements comfirmed good, uniform contacts with low
specific contact resistance. The results were successfully implemented in a commercially
available CMOS process.

INTRODUCTION polymerization products from the R/E step, 500 A of TiW

film containing approximately 20 aL% of Ti, according to

Several methods have been proposed to overcome the RBS measurements, was sputtered deposited.
metal step coverage problem in multilayer metallization
systems[1,2,31. For vertically etched vias and contacts of The commercial available CVD system, TEMPRESS,
varying depth, CVD processes are superior to other consists of a three zone horizontal furnace with a quartz
deposition methods because they give conformal coating tube 125 un wide, 2100 mm long. The wafers are
and allow batch processing. Recently, interest has been oriented parallel to the gas flow. All gases are admitted
focussed on CVD tungsten[31, which despite of its through massflow controllers. The system is pumped by a
relatively high resistivity, finds an increasing number of Roots blower' package equipped with closed loop
applications[4]. controlled nitrogen injection for presibe control.

In this paper we describe a hot wall CVD tungsten Tungsten of the desired thickness was deposited by the
process to fill via holes and contact windows, which in reaction: WF 6 + H2 ---> W + 6HF with argon gas as
combination with a backetch procedure leads to an dilutat. The actual parameters were:
isoplanar surface, thus facilitating the subsequent 1
aluminium metallization. WF6: 10 sccmn H2: 300 sccmn Arn 490 srcm

Temperature: 350 OC Pressure: 350 mtorr
Deposition rate: 120 A/nin.

After deposition, the tungsten and TiW layers were

Vias and contact holes with a diameter of 1.5 in were backetched with CF4 /0 2 in a RIE reactor operated at 13.56

opened with I oan a planarized wafer down to the first W u a laser endpoint detector.
metal layer consisting of MoSix/AI. After standard

chemical cleaning and an ozone treatment[5] to remove any
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STo establish die performance of our CVD system, the by a surface reaction. The deposition rate as a function of
P dep I r 1e f te tungsten deposition rate on temperature can be exrse by Arrhenius' Equation r=

for the WF6-H 2-Ar system was examined using A-•e B/RT, on which the curve fitting procedure was

based. On evaluation we obtained E = 0.71 eV/atom and~~~~singe-4cysta p-type wafers (16-24 a cm) as substrates. A=36x0 Fg )

RESULTS AND DISCUSSIONS 1000'

It is known that the reaction between WF6 and silicon 1

substrate is a very fast process in kinetics and,
thermodynamically, there is a significant free energy Sx10p + ub

change for the reactin of 2WF 6 + 3Si -> 2W + 3SiF416. E-..1oVlalM

In addition, the thickness of the self-limited tungsten layer i
depends on the depositlon mpmaure . 1.3 1.4 1. S It Ie,

IO00T (lK)F19.1 The Dependence of LPCVD W Deposition Rate

In order to eliminate the influence of the reduction of on Temperature

WF6 by the silicon substrates on the deposition rate, a

deposi pc We also tried to fill vias on wafers which did not receive
the extra coating of sputtered TiW by selective tungsten

deposition, using the above given parameters. Forn the firt stp oly Ar and WIF6 were admitted using the deposited films ticker than 4000 - 5o00 A. we noticed that

reduction between Si and WF 6 to form a self-limited layer selectivity was lost. Further, selective tungsten growth is
of tungsten on the substrate The parameter of this first inhibited by even very thin silicondioxide layers[9],

flow resulting in a very unreliable process considering the large
number and the varying depth of the vias to be filled. The
deposition of a thin layer of TiW after sputteretching the

subsequent deosition rate studies to supply a tungsten vias will break up any thin silicondioxide layer that might
layer of constant thickness prior to the deposition of
tungsten via hydrogen reduction in the second step with left assuring good contact of the CVD tungsten to the
argon as dilutant gas. Temperature was underlying metal layer. No voids were observed when

using this technique to fill the vias. Fig. 2 shows a 1.5 Amvaried fr~om run to run. WF6 and H2 partial pressures,
filled via after tngsten deposition.

total gas flow and pressure were kept constant.

The curve fitting method was employed to deal with the
total thickness of the tungsten from four-point probe
measurements. During the curve fiting process, a tungsten

layer of constant thickness A, obtained in the first
depsitio step, was subtracted from the total thickness.
If the reported activation energy of 0.71 eV/atom[]8 is

used, the resulting thickness for a is 126 A. which is in
good agreement with the reported value of 130 A[8] for

self-limiting tunsPen films Armed by silicon reduction of
[ WF6 and RBS measurements. Our results confirm that

tungtendepoitin is W~H 2 -r sytemis onir~et Pl.2 1.2 pm W deposited In a 0.8 pm deep via hole of
1.5 pm in diameter.
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To P dformatcs roughassas ePOPc- doIdie bscemch
sup* posidiv pOesls (AZ 14%03) was, spun oam the
wfes u Imrdbaksil (210 QC. 30mmni.) befog tching.

Reactive ion etcing in CP4 /02 plamm was utilized to

backtetch the resist/tungstenariW layer on the oxide
surface. In Fig.3, the etcbrat dependence of W,

pholoresiat and SiO2 on doe percentage of oxygen in the

} gas mixture Is showni. The endont was detertnined by the
optical teflection method using a Ht-Ne la. The output
signal fromn the laser endpoint detector is show in Fig. 4.

Due to die slow awbhmie of die tieaying M~aterial (SiO2),F the endpoint is very sharp. Thus method requires a rather Fig-5 Backetched tungsten plug.
well planarized oxide surface to avoid strings of WfTiW
being left which could cauise shofts. Figs. 5 and 6 illustrate
backetched via holes ready for the second level

A min
2000

*..,AZ

II

* 4 20 7.U 2 - Fig.6 As Fig.5, seen from above.

Flg.3 Reactive ion etch rates of W, AZ photoresist and

SiO2 as a function of the percentage Of 02 in CF/0 2.
Pressure: 120 matorr, R.F. power(13.56 MHz): 0.6 W/cm2  Electrical measurements using six-terminal Kelvin

structuresf 10) showed uniform specific contact resistances

of l.3x104- 2.3x10- 8 I-m2

The tungsten filled vias were tested in a commercially
available niultilayer CMOS process. Wafers with
TIWhungstn filled vas were compared with wafers using
no via-filling and standard Al(Si) as second mnetallization
layer. Electrical measurments gave low and reproducible
contact resistance . Possible problems introduced by the
backetch procedure, such as bridging in the second
metallization layer due to unetched TiW/tungsten or

ftgA Backetch endoint detection. interlayer isolation damage, did not occur.
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Al/TIM/TiSi 2 CONTACTS TO ULTRA SHALLOW JUNCTIONS

B. L g, H.S.Gamble, B.M. Armstrong and J.. Montgomery

Department of Electrical and Electronic Engineering,

Queen's University of Belfast, Ashby Building,

Belfast BT9 SAN N. Ireland

Processes for the production of reliable aluminium contacts to ll0n

junctions are described. In the case of P -N junctions the temperature-time

cycles have been reduced to minimise redistribution of the boron

impurities. A plasma enhanced rapid thermal processor has been employed.

* 1
1. INTRODUCTION Having obtained the ultra shallow junctions

Ultra Large Scale Integration requires very it is necessary to provide them with stable,

shallow junctions of the order of 100onm. reliable contacts. This is a major problem

These are readily achieved with ion since aluminium reacts with and interdiffuses

implantation for arsenic N+ junctions, but into the silicon substrate in the contact

boron P+ junctions are more difficult. The window. Therefore if aluminium is to be used

low energies required for boron implantation for the metal interconnect a second metal that

leads to considerable ion-channelling and the acts as a diffusion barrier must be sandwiched

profile tail can contribute significantly to between the aluminium and the silicon.

the junction depth. Implanting through a Self-aligning titanium disilicide to the

metal layer or using molecular BF2 implants shallow junctions helps to reduce interconnect

with or without preamorphizing the silicon are and contact resistances. Titanium disilicide

possible alternatives. However, it is however does not act as a diffusion birrier to

difficult to achieve an activation anneal silicon and aluminium and hence there is still

sufficient to provide good reverse bias a need for a barrier metal. Of the barrier

characteristics without increasing the metals proposed in the literature titanium

junction depth. As the junction depth is nitride appears to be the most compatible for

reduced this problem is exacerbated and at use with a titanium disilicide layer since the

depths of 100nM the reverse bias leakage is as titanium disilicide surface can be converted

high as 10-
7
A.cm

-2 
[1]. to TiN by a high temperature anneal in a

Alternatives to ion implantation for nitrogen ambient.

shallow junction formation are presently being This paper will describe various

persued (21. A laser doping technique has technologies for providing reliable stable

been used to obtain a value of 47nA.cm
- 2 

at contacts to silicided shallow junctions. The

10v for a 100MO junction with a peak boron shallow junctions were produced by the furnace

concentration of 2 x 10
20

cm
-3 

and a sheet diffusion of arsenic from a spin on source for

resistance of 1S0ohm/square. The rapid the N
+  

junctions and by the rapid thermal

thermal diffusion of boron from an oxide diffusion of boron again from a spin on source

source has also shown considerable improvement for the P+ junctions.

in reverse bias characteristics of shallow

junctions, without compromising surface 2. DEVICH STRUCTURE

concentration or sheet resistance [3). Three photographic masks were used in the
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manufacture of the diode structures. The as the spin on source. After curing the boron

designs included a circular geometry device, was driven in by heating the silicon wafer in

and five rectangular devices with different a nitrogen ambient to a temperature of 1000C

perimeter lengths. All these structures had for 3 minutes with incoherent light.

approximately the same junction area of 1.8 z Subsequent processing was standard. A typical

10-
4
cm

2
. The aluminium over the contact profile for the boron junction is shown in

windows was smaller than the diffused area to Figure 1.

avoid any field plate effects during reverse

bias leakage measurements. The incorporation S SPIN-0H PRFILE

of these test structures on the mask set 3' RTA 96O/o

permits measurement of the contributions to X ARSENIC SPIN-ON PROFILE

current flow due to area, perimeter and B FURAC8/D

corners. An array structure with 30 times the "-

area and a perimeter length of 4.8cmas is also

included to check the parameter values deduced.

3. SAMPLE PREPARATION

3.1. Shallow boron junctions

These devices were fabricated on n type

silicon wafers of < 100 > orientation and a

dopant density of 0.8 - 1.0 x 10
15
cm-3

phosphorus atoms. Prior to oxidation these

wafers were mechanically back damaged to aid 8 7 5 13

in relieving the point defects and structure 0" Ti

imperfections by acting as a sink for FIGURE 1

self-interstitials and metallic impurities.

This ensures a high carrier lifetime in the The dopant distribution for both the Arsenic
and Boron shallow junctions.

bulk silicon and hence minimises reverse bias

leakage currents. 3.2 Shallow arsenic junctions

The field oxide was grown in two stages. These devices were fabricated on p type

The initial oxide was grown at a temperature silicon wafers of <100> orientation and a

of 1050C for 90 minutes in a dry oxygen and dopant density of 10 1 6 cm- 3 boron atoms. The

trichloroethylene ambient. This step was used wafers were subjected to the same back

to minimise the sodium content in the oxide damaging and gettering schedule described for

and the redistribution of phosphorus in the the boron junctions. The process was modified

silicon substrate. The oxide was removed from to permit field threshold voltage adjustment.

the back of the wafer and a phosphorus source The LOCOS process was therefore employed and a

diffusion carried out for 15 minutes at 1O00C spin on dopant layer, with boron concentration

from a solid phosphorus source. This back of 10 1 9 cm-3, was used to enhance the substrate

diffused layer also helps to getter out doping in the field regions. The oxidation

impurities and provides for a good back process, again undertaken in two stages

contact. The field oxide thickness is yielded an oxide thickness of 0.7 a and a

increased by a wet oxidation step at lO00C to field threshold voltage of 20v.

0. 3m. Rulsitone Arsenic Film 3739N was used as

Uulsitone Borofilm 100 solution was used the source of Arsenic for the M+-P junction.
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Sf 1 The arsenic was driven in for 8 minutes at
1 000C by standard furnace diffusion and the APP.LIEDBIAS-

processing was standard. A typical profile AR-EANF - i.77E @

4. Low LZAKAGE JUNCTIONS

Typical leakage current density in the -7

range 1-4 x 10-
9
A.cm

-2 
at a 3 volt reverse

bias was measured for the test structures.

Separating the current components into area,

perimeter and corners the best fit perameters

were 103pA.Cm- 2 
for junction area, 2.5pA.cm-

1  
14

for junction perimeter and a negligible

contribution due to each corner. A I I

0 20 40 6
discontinuity in current characteristics was

observed in som diodes at bias voltages

around 3.5v, possibly due to local generation FIGURE 2

sites. Reverse current density versus titanium
At 3v reverse bias the depletion layer disilicide thickness at a reverse bias of 3v.

width in the substrate is 2.lpm. Assuming the

bulk generation current is dominated by the thickness there is a very large increase in

depletion region then the lifetime in the bulk leakage current. This is due to the fact that

silicon is 2.4mSec. From the perimeter the junction is now operating as a Schottky

contribution to current flow the surface barrier diode. The onset of Schottky action

recombination velocity So is 12cm.sec
-1

. Low has been established to be between thicknesses

leakage properties have also been observed for of 55nK and 60nM of titanium discilicide on

the shallow arsenic junctions. Typical the 100nM boron junctions [4].

current densities at a reverse bias of 3v were

of the order 5 x 10-
8
A.cm

- 2
. 6. TiN FORMATION

The initial results were achieved by the

5. TITANIUM DISILICIDE conversion of the TiSi 2 surface layers to TiN

The titanium disilicide layers employed in by thermal annealing in an ammonia ambient.

this work were produced by the sputter This was accomplished in a rapid thermal

deposition of titanium and a two stage processor at a temperature of 1000C for 15

silicide formation process in a low pressure seconds. All other aspects of the process

rapid thermal processing chamber. For the were as previously described. The reverse |

100nm junctions employed a practical bias leakage currents of the structures were

limitation on silicide thickness exists. The measured. It is important to note that these

influence of silicide thickness on reverse characteristics did not exhibit the

bias leakage current density for the shallow discontinuities at reverse bias of 3.5 volts

boron junctions is shown in Figure 2. For previously described fcr the junctions formed

thicknesses up to approximately 40nn there is without TiN. This can be attributed to the

little dependence of leakage current on approximate 10% increase in junction depth

silicide thickness. However for the 60nM caused by the additional processing to form
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-3 self-alignment to the underlying contact areas

MIPL3 ELTAK - and is therefore less desirable for ULSI.

MEA-i.77E-4 al The conversion of fully formed TiSi 2 in an
e~laToo - 2 I.. ammonia atmosphere with and without plasma

.0 u-sam DIMs excitation has been performed in a rapid
EST AqE RECT/EULAO thermal processor. This produces TiN

self-aligned the silicided contacts and

ensures minimised drive in of the junctions.

I here are two possible options in this
approach. The TiN thickness to ensure

Al j junction integrity after aluminisation and

Sannealing can be formed. Alternatively a thin

. TiN layer can be formed. This acts as an

oxidation barrier on the silicide contact and

the TiN layer can then be increased to the

3 a desired thickness by reactive sputtering

PLISED RIMETER (i-4.7E-2m) followed by aluminisation. The deposited TiN

layer is then patterned using the aluminium

FIGURE 3 mask.

Reverse leakage current versus perimeter Titanium silicide is normally formed by a

length at an applied voltage of 5v. Contact two stage rapid thermal process. The first
system AI-TiN-TiSi2. low temperature step ensures self-alignment to

TiN. The leakage current measured at 5v exposed silicon while the second converts this

versus junction perimeter is given in Figure silicide to its high conductivity form. The

3. Leakage current is again dominated by second annealing step was adapted to

carrier generation at the oxide-silicon incorporate an ammonia atmosphere in the

interface and so is almost linear with processor thus achieving simultaneously the

perimeter length. The surface recombination high conductivity TiSi2  together with the

velocity so is 15cm.sec-1 and the lifetime in required TiN surface layers.

the bulk silicon is ImSec. The technology The results obtained using these techniques

employed has not therefore impaired the high will be presented. The layers were subjected

quality of these shallow junctions. to post aluminium anneals at 4500 C and 5000C

It is desireable to minimise the amount of and the criteria for aluminium penetrations

TiN required for the barrier layers since its taken as an order to magnitude increase in

resistivity is much higher than for TiSi2. A leakage current at 3v.

temperature-time cycle sufficient to form the REFERENCES

desired TiN thickness with minimum [) Wilson. R.G. J. Appl. Phys. (1983) 6879.

redistribution of the dopant impurities is
also required. Three alternatives to the [21 Carey, P.G., Signon, T.N., Preso, R.L.

and Fahlen, T.S. IEEE Trans. Electron.

formation of TiN have been investigated. Dev. Lett. (1985) 291.

The conversion of titanium to TiN has been [31 Ling, E., Maguire, P., Gamble, H.S. and

performed in an ammonia plasma at temperatures Armstrong, a.N. Proc. ESSDERC (1986).

around 350C. While this offers minimised 4] Ruddell, F., Ling, E., Armstrong, B.M.,

redistribution of impurities and good control Gamble, H.S. and Raza, S.H. Shallow
Junctions Contacts for Latch up

of ultimate TiN thickness, it does not yield Resistance in CMOS, this volume.
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THE EFFECT OF IM1]-IRADIATIN M RAPID TIE . AMIVALING ON TiSIA os im.

Lail W S0 , Christos KHNTIM'A0 Jaakko 91RIL4TI and Ilkka UMNIO

Technical Research Centre of Finland, Semiconductor Laboratory,
Otakari 7 3, SF-I250 Empoo, Finland

Dopartent of Physics, Univrsity of Patras,Patra B6-210, Greece

The effects of ion-irradiation and subsequent rapid thermal annealing have ben
4studied in thin TiSia and MoSi. films. A substantial increase in the film resis-

tivitles is observed for As implantations up to a dose of l0la ions/cam. An al-
most complete recovery of the ion induced damage is obtained in TiSi. after rapid
thermal annealing for 10 sac in the 500 to 6O0*C range. In the case of MoSim 10
sec at 1100*C is required to attain the initial resistivity level.

I INTRIOJUCTION 2 EXPERIPENTAL

The shrinkage in silicon integrated circuit di- The silicide layers were formed by solid phase

mensions has led to considering thin films of reactions of sputtered metal films with sili-

refractory disilicides for low resistivity con. TiSim was formed by sputtering 370 A of Ti

gates and interconnections. Co-deposited sil- followed by 120 A of amorphous silicon on n-

icides are typically highly disordered or amor- type <100> Si wafers having a room temperature

phous in their as-deposited state. Consequent- resistivity of 2... 4 Ocm. The wafers were then

ly, they exhibit unacceptably high resistivi- annealed in vacuum using a two step annealing

ties and require annealing at elevated tempera- procedure, first for 20 min at about 4500C and

tures. During subsequent processing steps the then for 30 min at about 580'C. MoSim was for-

formation of self-aligned MOSFETs might expose med by sputtering 270 A of Mo on undoped poly-

the silicide file to ion-irradiation, which in- crystalline silicon deposited on oxidized sili-

duces damage in the film and thereby an in- con wafers. Annealing was carried out in vacuum

crease in the film resistance. Previous studies at 6BOeC for up to 54 min. The resulting layer

have established metal rich silicides as radia- thicknesses were 930 A (TiSim) and 700 A

tion hard materials whereas many disilicides (MoSim) as determined from RBS measurements.

are relatively radiation soft Ell. Heat treat- Some of the wafers were then implanted at room

ments, such as required by source and drain im- temperature with arsenic to doses in the range

plant activation, can be expected to remove at Nd 10& . .1 16 ce-m. The ion energies, 150

least part of the damage. However, many high ke for TiSim and 190 key for MoSi-, were so-

melting point silicides that become amorphous lected to match the damage depth with the film

at a relatively low Ion dose need high anneal- thickness. The TRIM 8b simulation program was

Ing temperatures for complete recovery. Pur- used for range calculations L3]. To avoid beam

wuant to an earlier report on the transport heating the ion current was held below 20 paA.

properties of ion-irradiated silicides [] we The recovery of the damage was investigated by

report here on the affects of arsenic implanta- subjecting the samples to rapid thermal anneal-

tlion and rapid thermal annealing In thin films Ing for 10 to 30 s in Xhe temperature range of

3 of TiSig and PMoaim. 300... 1150C using a Heatpulse quartz halogen
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loop systea. The resistivities of the silicides The corresponding behavior of MoSim is traced

were masured in the van der Pow configuration in fig. B. In this case the unimplanted samples

[43 using a cryostat to control the sample tes- have a resistivity of 77 p0cm at 4.2 K and 91

porature between 4.8 K and 300 K. p ca at 300 K. The resistivity increases rapid-

ly with increasing arsenic dose and peaks at N.

3 3.U13MIn DIUOIEI 9 10'# carm. The temperature dependence of ra-

The effects of ln implantation on the residual sistivity becoms strongly negative at high i-

resistivity of Til. are shown in fig. I. The plantation doses. The resistivities correspon-

resistivities of an unisplanted sample were 1.5 ding to the implantation dose of Na - 1011 com

plcm at 4.2 K and 13.1 pcm at 300 K. After an are 1300 p0cm at 4.2 K and 879 picr at 300 K.

arsenic dose of 0 - 10* cmnO the resistivi- The maximum that appears in the dose dependence

ties at 4.2 K and 300 K are almost identical in of the resistivity is analogous to the resisti-

the order of 150 pgce. In TiSip films irradi- vity maximum observed for thermal annealing of

ated at high dose levels, at room temperature co-depositd IoSin. There, as in the case of

part of the current is carried through the sub- WSim, the behavior is attributed to the transi-

strate as deduced from the temperature depen- tion from the hexagonal low-temperature phase

dence of resistivity. The residual resistivity to the high-temprature tetragonal phase [5].

J6 (at 4.8 K) is almost linearly proportional Nucleation of the hexagonal phase of MoSim un-

to log WN. The temperature dependence of resis- der ion-irradiation has been previously repor-

tivity (the temprature coefficient is positive ted E61. It is not clear, however, that also

even for the highest irradiation dose) seems to the stacking faults responsible for the increa-

indicate that TiSim is not fully amorphized sed resistivity in the case of thermal annea-

even at an W dose of Ixl'O co - O. ling should nucleate from thermal spikes indu-

ced by energetic ions.

S~ K.
•~= -- +-

UU

,,

mWL am 0OS( (cIM0
Soo

Fig. I Residual resistivity vs. dose for As
irradiated TiSi- films. The irradiation
energy energy was 150 keY. Also indica-
ted is the resistivity level of a non-
irradiated film.

Fig. 2 Room temperature and residual reisti- 0
vities vs. dome for A0 irradiated Ion W W lp d
Mafia films. The irradiation energy was IMP.ANTATION DOSE (cm"21
190 keY.
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The effects of isochronal rapid thermal annea- Other investigators have reported that furnace

ling on the implanted Till3  are depicted in annealing of thin TiSl films mbove 900'C can

fig. 3 for two different ion doses. The samples lead to serious morphological and electrical

implanted at Na - 10"0 crw recover almost com- instabilities above 9000C (73. The sa insta-

pletely after 10 s at 500 °C. For N a0s& bilities are observed here for an extended du-

c -3 , the minimum temperature for the recovery ration of halogen lamp annealing.

Is WOO oC, but annealing even at 900 'C still

leaves the room temperature resistivity 40 % The cases of MoSie irradiated with two diffe-

higher than in the unimplanted case. Also the rent doses are depicted in fig. 5. It is worth

residual resistivity is twice the initial value noting that the recovery is faster in the N, =

suggesting that the ion damage is only partial- 1010 cm-6 case than in the sample corresponding

ly removed. The dependence of the resistivity to the resistivity maximum at Nd = 101
4 c -m .

on the annealing times, shown in fig. 4, is not For periods longer than 10 s the resistivity is

very strong below 9504C. At higher temperatu- not very sensitive to the annealing time. The

res, however, the resistivity starts increasing difference in the annealing behavior of the two

and cracks are observed by visual inspection, samples with different implantation doses sug-

/- ~ASI.PU*t Nd-10ci a

A25 Ti4e,

T i Si2  
N , :t c m

100 RTA 10s

h2 - A00 1

C.-

2S %iSttN

"1" 20 • l00oc

I"-,

20

Co........... 0100W 40050 1000 ANNEALING THE* Is)

ANNEAL TEMPERATURE (C)
Fig. 4 Resistivity vs. annealing time for

Fig. 3 Resistivity vs. annealing temperature Till3 films irradiated with two diffe-
for Tiig films Irradiated with two rent doses. The resistivity increase
different doses. Also indicated are the for RTA at 1000*C coincides with cracks
a-implanted resistivity values, observed by optical microscopy.
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4 CNIISIONBS
mosi ArWi~atedWe have investigated the annealing behavior of

RTA 30 s thin TlSim and MDSim files after high dose ar-

O RTA 10 s soilc implantation%. The residual reslstlvities
1000W'nf in these silicides increased by 1 to 2 orders- RTA 30 s

T 85 NEW-N~piLof magnitude for the highest implantation dose

Cl of Wx096 cm-, indicating a high degree of di5-
As tIo,~d ~order. Most of the damage was removed by rapid

thermal annealing for 10 sac at &00C (TiSim)

or 11006C (MoSIo) as determined by electrical

resistivity measurements.
500-

E13 Hewett C.A, Suni I., Lau S.S., Hung L.S.,
and Scott D.M., in Ion Implantation and Ion
Seem Processing of Materials, G.K. Hubler,
0.11. Holland, C.R. Clayton, C.W. White,

0o. . . . .... . . . . . . Eds., (North-Holland, N.Y. 199'.), MRS Sym-
500 1000 posia Proceedings, Vol.27, p.145

ANNEALING TEMPERATURE (oC0
E23 Suni I., Grinberg L., and Saarilahti J., Le

vide - les, couches minces, 42/236 (1997)
Fig. 5 Resistivity vs. annealing temperature 233

far MoSim films. As-implanted values
are indicated by the dashed/dotted E33 Ziegler J.F., Diersack J.P., Littmark U.,
lines. The Stopping and Ranges of Ions in Matter

(Pergamon Press, New York, 1995)

gests that after low-dose irradiation the re- C'43 Van der Paw L.3., Philips Research Re-

crystallization proceeds directly to the tetra- ports, 13 (1959) 1

k' gonal MoSis phase whereas the high-dose implan- E53 D'Heurle F.M., Le~oues F.K., Joshi R., and

ted samples. undergo a transition from the hexa- Suni I., Appl. Phys. Lett. 48 (1996) 332

gonal to the tetragonal stacking order. It ap- [63 D'Heurle F.M., Petersion C.S., and Tsai

pears that for MoSio a short annealing step dedJ Abstact 95-1 5 (19 3 97 6

above 10006C would yield the optimum conditions E73 Ting C.Y., d'Heurle F.M., lyor S.S., and
for damage recovery. Fryer P.M., Electrochemical Society, Exten-

dod bstrcts 5-1 1985 38

212



P1.1.6

EVALUATION OF ELECTROMIGRATION ACTIVATION ENERGY BY MEANS OF NOISE MEASUREMENTS
AND MTF TESTS

A. Diligenti, P.E. Bagnoli, B. Neri.

Istituto di Elettronica e Telecomunicazioni, Facolti di Ingegneria, Universiti

di Pisa, Via Diotisalvi, 2, 1-56100 Pisa, Italy

G. Specchiulli

TELETTRA S.p.A., Quality and Reliability Dept., Via Trento 30, 1-20059 Vimercate

(Milano), Italy

ABSTRACT
Activation energy E. of grain-boundary vacancies was evaluated by means of noise

measurements and MTF tests in narrow Al/Si (1%) resistors. The values obtained
by these techniques are 0.93 and 0.96 eV respectively.
Noise measurements revealed that after every temperature change the microstructure

of the films was unstable. The presence of instabilities can strongly affect the
E value.

a

1. INTRODUCTION the resistors supplied with a constant current

Low-frequency (10 - 2 Hz) noise measure- I 00
ments have been proposed as a new, sensitive Owing to the relationship (1), it is a straight

technique able not only to detect electro- forward procedure to deduce E from measurementsa

migration (EM) under non-accelerated test of SR at various current densities and tempera-

conditions, but also to give a value of Ea, tures 121.

activation energy of grain-boundary vacancies, In this work we attempted, for the first

characteristic of the first stage of the EM time, to compare the results obtained by

A phenomenon 1I, 121. Low-frequency spectra, applying noise and MTF techniques to VLSI

whose dependence on frequency f follows a law resistors. The nominal width of the A1/Si(l%)IF
1/f with 2 < y < 2.8, are caused by vacancy resistors employed is 2 and 4 um, with a cross

2
generation-recombination processes and their section of 1.6 and 4 un respectively. However

value at a given frequency f0, when y =2, is the actual width of 2 and 4 um resistors are

assumed to be proportional to the vacancy flux about 1.4 and 3.5 pm respectively. The sample

Jv according to the relationship fabrication procedure is described in another
v -Ea/KT

SR(fo Jv=B'N(eZ*/KT)pjD e a (1) paper presented at this conference 131.
v Often a bamboo structure occurs in the

0

samples 131 and this fact is probably the main
where p is the metal resistivity, j the

cause of the strong dispersion of results
current density, N the atom density, eZ* an (times to failure and activation energies)

effective ion charge and 0 the Infinite obtained from noise measurements and MTF tests.

temperature diffusion coefficient; K and T

have the usual meaning and B' is a suitable 2. EXPERIMENTS

proporzionality constant. is the power Before noise measurements, the resistance vs

spectral density of resistance fluctuations, temperature behavicur of all samples was
that is SR(f) = Sv(f)/I1'o where is(fthe

Rv M determined in the range 50-150
0
C by putting

power spectrum of voltage fluctuations across them in a thermostatic ilicone-il bath and
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then recording current, voltage (four contacts film microstructure were undergoing a sort

teat-pattern) and temperature simultaneously. of "current annealing" which tends to reduce

The sample to be tested was put in a bridge the causes of CH noise; only after many hours

configuration (all the resistors used save the (about 4) the spectrum becomes stationary;

sample are flicker noise free) and then ii) when CN occur, the signal from the

supplied with the proper current density by amplifier consists of a succession of pulses

means of Pb batteries. The temperature of the as shown in fig. 1. Similar pulses have

resistor depends on the current, on the thermal already been observed in Al samples during

conductivity of the package andon the environ- thermal cycling 151.

mental temperature. The sample, the current

supply system and the purpose-designed ampli- 4

fier 121 were shielded electrically and mMoR

magnetically. The amplified signal was 2

processed by an HP 3561A dynamic signal

analyzer. 0

A first set (S # 1) of 16 resistors (2um

wide) were all tested at the same nominal
6 2

current density (4.8x10 A/cm ),the temperature

of the samples lying in the range 63-730C

because of small differences in the thermal 0 so 160 240 320 400
t (M

conductivity of packages and slightly different

room temperatures. In spite of nearly FIGURE 1

equivalent test conditions, noise spectra Random pulses at the output of the amplifier

displayed a random behaviour, both in magnitude (gain:l0 ) in 2 p m resistor above threshold
current density.

and in V values. We found V values in the range
-13

2-2.8 and S R(20 mHz) in the range l.69x10 - The amplitude and frequency of the pulses- 1 2

8.45x10 1  2 /Hz, whereas for wider resistors are increasing functions of i and T but, for

(14 p m) such a great dispersion was never fixed j and T, both amplitude and frequency

observed 141. The samples were then subjected decrease with time; iii) a threshold value

to an MTF test under the following conditions: of the current density J (it - 3"5x106 A/ca2).

J=3.2xlO6 A/cm 2 and T=2050C 131. During the which is the same for 2 and 4 p m resistors,

test, the resistance variation vs time was also seems to exist for the appearance of the

recorded. The aim of performing noise measure- pulses. The minimum pulse amplitude is

ments and NT? test on the same samples was that equivalent to a percentage resistance

of finding a correlation, if any, between EN variation of about 0.1 ppm.

noise and time to failure. The evaluation of E was made only for 4 p m
A second set of resistors 2pm and 4pm widea

resistors because the others (2 p m) showed
(S#2) was characterized only by means of noise too high an instability of the spectra during

measurements in order to find the value of E
a the observation time. E is deduced froma

During this kind of test, which requires Arrhenius plots obtained by putting the

many SR measurements on the same sample at relationship (1) in the form

various j and T, the following facts were S (f )T E

observed: i) the spectrum value, at a given In SF(fo)= In i - -

frequency and for fixed j and T, is generally where B-B'NeZ D

a decreasing function of the time, as if the K Do

______________________ -_______ __ _21



the information extracted using the two

techniques. It must be pointed out that even

for the NTF test alone there is no correlation

between the time to failure (TTF) and the

0g resistance variation or the occurrence of the
M 0 first spike 131. For such narrow stripes in

co -fact, the resistance variation vs time did
| 0 0 - not show a regular behaviour but the

I resistance increase (decrease was sometimes

910 -observed) is characterized by spikes randomly

distributed in time 131. Moreover the sta~idard

deviation of the TTF distribution is higher

than for wider stripes (a =1.3).This anomalous
.10 2 2 2 2I I I A Ibehaviour shown by samples subjected to a2.1 2.3 2.5 2.7 29

10S/T(K1) traditional test corresponds to their

anomalous behaviour as far as the noise

FIGURE 2 measurements are concerned. The instability

Arrhenius plots for 4/ m resistors: from "fast" of the spectra can, perhaps, reflect a non-
noise measurements (black dots) and from
stationary spectra (open dots). equilibrium situation in the microstructure

of the films. At this stage of the work we
Fig. 2 shows two examples of these plots.

can only suppose a redistribution of silicon
The first one (black dots) refers to a sampleJ at grain-boundaries caused by the temperature
on which a set of fast noise measurements was

and the current, and/or the annihilation of
performed. The word fast means that the noise

defects such as dislocations 151.
spectra were taken after the sample reached

thermal equilibrium, but without waiting for A a steatvto nryEai
concerned, the value of 0.96 eV found by means

the spectra to attain a stationary behaviour of MTF tests is in agreement with that

(see point i). In this case the slope of the obtained using the noise technique for wider
straight line gives E a =0.63 eV. samples 141. In applying this technique to

The second plot (open dots) is obtained from 4 p m samples, the long time necessary to
another sample, for which each SR value was amlesi thefongtt ssary) to

R obtain the points of "non-fast"p lots (fig -2), ,did
taken when the spectrum became stationary. In

not allow us to test a sufficient number of
this case E =0.93 eV. It must be noted that

a resistors to give a reliable value for E
this sample, when previously subjected to a

but the preliminary value obtained, that isset of fast measurements, also displayed strong 0.93 eV, is in good agreement with the

instabilities in spectrum values. preceding ones.

E was also deduced from MTF test performeda
at three different temperatures, 205, 223, . ACKNOWLEDGEMENTS

261 OC on S # 1 and the value obtained is 0.96
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3. DISCUSSION
tion.

A comparison between the results of noise

measurements and NTF teat performed on S * 1,

did not reveal any certain correlation among
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P1.1.7

ELECTRONIGRATION IN NARROW Al(Si) STRIPES COR VLSI: CONPARISON BETWEEN NTF AND
RESISTONETIC NETHODS FOR LIFE PREDICTIONS1

G. SPECCHIULLI, F. FANTINI

Telettra S.p.A., Quality and Reliability Dept. - 20059 Vimercate-Italy

G. DE SAKTI

SGS Nicroelettronica S.p.A. - 20041 Agrate-Italy

Al (1% Si) electromigration in narrow stripes was studied by means of MFT and resistomeric
methods. For very narrow stripes no correlation could be found between the variation of re
sistance and the end of life. A simple model was developed to explain the observed small
resistance variation.

1. INTRODUCTION 2. TEST SET-UP AND SANPLES

Aluminium electromigration (EN) is one of The experiments were performed by using

the more dangerous failure mechanisms in sili- hot plates with very high thermal capacity and

con integrated circuits and the connected risks accurate temperature control (+10C up to 250*C).

are increased by the continuous scaling of A fully automatized test set was designed,

dimensions, which causes higher current densi- which enable3 a continuous resistance meas-

ty within the stripes [1]. urement and records the time to failure (TTF).

The expected life of the stripes in real All the data are stored in a mass memory and

operating conditions can be predicted by extra- are automatically elaborated. A detailed de-

polating the results of accelerated stress scription of the test set is reported in [8).

tests, by using the Median Time to Failure The samples are Al-Si stripes deposited by

(NTF) method [2). However this approach demands sputtering from Al/1% Si target at 1500C, over

quite long test times, so that quicker methods, a double layer of 700 nm of thermal SiO2 and

which try to infer the stripe life from resist- of 900 nm of chemical vapor deposited (CVD)

ance variarion, AR, at the beginning of the posphosilicate glass (PSG, with 12% P). The

stress, have been developed [3-6] . However a metal film was patterned by reactive ion etch-

clear correlation between the results of ing, and annealed in pure Hydrogen at 4500C

quicker AR tests and life tests has not yet for 30 minutes, finally the metallization was

been established experimentally [7], in particu covered with 700 nm of CVD PSG (5% P).

lar for very narrow stripes suitable for VLSI Different kinds of test patterns are con-

application, tained in the chips, including stripes of

The purpose of this work is to verif,, wheth- various width and length, all provided with

er such a correlation exists, by monitoring AR Kelvin contacts to measure the voltage drop
and final opening during accelerated life tests under hiF~h current stress.

performed on 1.4 jim wide Al (1% Si) stripes.

Present address: Scuola Superiore di Studi Universitari e di Perfezionamento S. Anna, 56100 Pisa -

Italy

1 Paper partly supported by ECC under ESPRIT contract 554 and by CNR under Progetto Finalizzato
NADESS.
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Er(
i3. ItINENTS . . . ,,u.e.~.

This paper deals only with the results of

* the 1.4 Pm wide. 160 me long stripes, tested

at actual temperatures of 2610C, 223°C and
6 2 U1*52056C, with a current density of 3.2x10 A/cm '

A total of 80 stripes were submitted to test: s
20 at each of the extreme temperatures and 40 M -

at the middle temperature. 7,C

The intrinsic differences among the stripes
generally cause a split in the actual stress 3 - !

conditions: different test temperatures due to Fig. I Lognormal plots of the TTF obtained in
Joule heating and to resistance increase during the accelerated tests. Failure criteri-

the test, different current densities due to on was the open circuit.

geometrical differences. The increase of tem- TABLE II - Results of stress tests

perature was taken into account by evaluating Test temp. MTF [h] a Corr. coeff.

the temperature coefficient, a, and the total 261 0C 26.82 1.3448 0.98841

thermal resistance, Rth, of each stripe be 2230 C 105.24 1.3448 0.99252
2050C 373.67 1.2823 0.98208

measuring the resistance as a function of the
current (5+40 mA) at different temperatures DELTA R/R %

(25+2500C) [ 9 ] . The actual current densities - ''
were estimated by calculating the real cross

section of each stripe. These characteristics

of the test stripes are reported in Table I.
3

This set of correction rules enable us to nor-

malize the recorded TTF to reference stress

conditions, by using the Black formula [2].

with n=l.

4. RESULTS

Fig. 1 reports the log-normal plots, evalua-

ted by means of the normalized TTF's, for the

three tests performed; the estimations of the 0 20 40 60 80 100 120
TIME (hours)MTFs, standard deviations and correlation coef Fig. 2 Example of resistance variation for

ficients are reported in Table II. a sample showing multiple resistance

We also recorded the 80 resistance dia- spikes before the opening at T=223oC.

graphs; figures 2, 3 and 4 are significant ex- On analyzing these plots, the resistance

amples of such plots, variations seem to occur randomly during life

tests. All the stripes exhibited random resist

TABLE I - Characteristics of the stripes

Mean Stand. Dev.
Temperature coefficient (with reference to 250C) a (-c- 1] 3.969.10 -3  0.087.10-3
Resistance at 256C R [a] 3.641 0.156
Thermal resistance Rth [C °mW1 ] 1.661 0.085
Joule heating (at 1760C and 1=50 mA) AT [-CJ 25.7 1.8
Sample cross section S 2 -2I 1.57 0.066
Current density J [A.cm j 3,186.105 0.138.106

218



ance spikes (40.3%); c) the resistance in-

DELTA R/A X creases with no or very limited spikes, sud-
mu denly the curve becomes very sharp and the

stripe fails (24.2%), as in fig. 3; d) the

means resistance is nearly constant with no or

very limited spikes, and then fails abruptly

j(17.8%), as in fig. 4.

5. DISCUSSION

Our results can be explained by taking into

account the structure of the stripes. The high

value of the TTF dispersion (a-1.3) was not

unexpected, owing to the influence of struc-

-1 1tural and dimensional fluctuations in so nar-S 20' 40' 60 80 106 120
TIME (hours) row stripes.

Fig. 3 Example of resistance variation for We tried to correlate the evaluated TTF to
a sample showing a progressive resistan-
ce increase. The inset displays a SEN the resistance variations for each piece, but
picture of the stripe after opening, we did not find any correlation between the
Letters link the resistance variation
model to the actual damage. TTF and the resistance variation or the occur-

DELTA R/R 2 rence of the first spike.

The spikes can be explained as an aggrega-

tion and vanishing of voids, which temporarily

varies the cross section of a stripe at some

point [7]. In any case the final failure seems
3to occur in a completely random way, with

no correlation with the spikes.

Our results on the resistance behaviour,

partly disagree with those of some researchers

[3-6] who found a regular increase in the

0 ,stripe resistance before failures. These dif-

ferences are explained by the differences

in the dimensions and structure of the tested

0 20' 40 60' 80' t0 120 stripes. In fact our stripes' have a bamboo
TIME (hours)

Fig. 4 Example of resistance variation for a structure as can be seen in fig. 5a. The stres
sample showing abrupt failure at T-2230C sed stripes presents only few damaged areas,

ance spikes of varying duration and amplitude where EN starts (see fig. 5b). Frequently the
and the total resistance variation was gener- shape of the voids was triangular (fig. 5c-d)
ally less than 6%. and they grew by starting from the bottom of

Four common behaviours were roughly identi- the stripe, without reaching the top surface.

fied, whose frequency of occurrence is indica- Owing to the very simple appearance of the dam

ted in parentheses: a) the mean resistance age, we tried to model the percentage AR/R va-

is roughly constant with superimposed multiple riation with the void growth and we postulated

resistance spikes, before the final opening the growth of triangular - or trapezium -

(17.7%), as in fig. 2; b) the mean resistance shaped prims; the model well described the

increases with superimposed multiple resist- regular AR/R increase of fig. 3.
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I,-
ence of structural and dimensional flue-

tuations in so narrow stripes;

-i) the increase of stripe resistance before

failure does not occur for all the stripes

and so cannot be correlated with the end

" of life;b iii) several resistance spikes are observed

before the complete opening of the stripes

that are enhanced by the small dimensions

* mN of the stripes and can be related to void

formation and vanishing; however for this

phenomenon, to, no correlation with the

end of life can be established;

40nm iv) a simple degradation model was developed
d that justifies the observed resistance

variations.

ACKNOWLEDGEMENTS

The authors acknowledge the contribution of

400 R. Bottini and 1. Vanzi for the failure ana-

lyses, of C. Corradini for collecting the

data and of C. Caprile for sample preparation.

REFERENCES

Fig. 5 SEM pictures of stressed stripes. The [1] Ho, P.S., IEEE an. Proc. Reliab. Phys
arrows in picture a) indicate the grain 20 (1982), 288.
boundaries.

[2] Black, J.R., IEEE An. Proc. Reliab. Phys.
Some stripes exhibited only very limited dam 6 (1967), 148.

ages, like the very narrow cut shown in fig.5e, [3] Rosenberg, R. and Berenbaum, L., Appl.

about 70 nm wide, as can be roughly estimated Phys. Lett. 12 (1968) 201.
from the SEN picture. This kind of failures [4] Hummel, R.E., Dehoff, R.T. and Geir, N.J.,
are found when the resistance does not increase J. Phys. Chem. 37 (1976), 73.

during the test but the opening occurs abruptly. [5] Rodbell, K.P. and Shatynsky, S.R., Thin
This last failure mechanism cannot be described Solid Films, 108 (1983) 95.

by the resistance variation, and severely li- [6] Pasco, R.W. and Schwarz, J.A., Solid State
mits the effectiveness of quick techniques,like Electronics, 26 (1983) 445.

TRACE [41, for the reliability evalutation of
[7] La Comte, D.J. and Parks, IEEE an. Proc.

very narrow stripes. Reliab. Phys. 23 (1985) 74.

6. CONCLUSION (8] Specohiulli, G., Milani, F., Scaccabaroz-
zi, M., in 3rd Int. Conf. on Quality in

The slectromigration tests performed on VLSI Electronic Components (Bordeaux, 1987); pp. 92-100.

Al(Si) stripes enables us to ascertain that: p

i) the estimated standard deviations of the [9] Bobbio, A., Ferro, A. and Saracco, 0.,

time to failure distribution are higher IEEE Trans. on Reliability R-23 (1974) 194

them that of wider striper, in spite of the

corrections made, so only due to the influ-

'' i.

mmm mmmmmmm m m mm mlm mlmm m m m m W N mmmm 220



- ---- -. . . . .

P1.1.8
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20041 Agrate Brianza (MI)-Italy

Abstract

We have wed a current ramp based method (BEM) to study the electromigration response of metal
lines prepared under different experimental conditions. The samples were all All ISi; BEM dis-
criminated among the metallizations prepared with different sputtering systems: a better behavior
was obtained for fdms prepared in high vacuum and with a fast deposition rate. Furthermore we
have characterizad the use of both DC and RF bias for Al planarization. The results show a loss
of reliability due to the bias induced crystallographic disorder of the Al structure.

1 Introduction weakest points, results in a higher electromigration
resistance of the metal line.

In the last few years the device reliability concern has The test structures employed for the experiment con-
strongly increased due to the stringent requirements sisted of straight metal lines, of different widths and
of VLSI technologies. One of the most critical steps in lengths, laying on a flat oxide substrate. We intention-
the device fabrication is the final metallization whose ally avoided any process or architecture induced thin-
degrade is most often due to aluminum electromigra- ing of the metal section so that the electromigration
tion. Among the many fast techniques proposed for ningoofathe m etal econ s at t e t irationperformance of the interconnects could be directely
electromigration control [1,2,31 the BEM (Breakdown related to the intrinsic properties of the material.
Energy of Metals) 14,51 has the advantage to suit both
to the productiou environment (allowing a fast and
automatized check of the production lots) and to the 2 The Method
R&D requirement to attain an evaluation of new ma- The BEM techique, introduced by Hong et al.f4], al-
terials and processes. lows a wafer level electromigration testing by means| ~~~~We have applied the BEM to the evaluation of both lw ae ee lcrmgaintsigb en

of a current ramp forced in the test line; at every stepsputtering equipment and new metallization processes.
In the first case the results provided a correlation be- te he th stre ons the te nergy

tween the machine characteristics and the electromi- caultdWhnhesrpoesupheoalnrgteen theld mache ham;acthescnd the E M transferred to the line is calculated by means of the:
gration yield of the films; in the second, the BEM

results showed a strong influence of the deposition
paraeter.. on the Al reliability. In both cases it EF(mJ/cm) - , I Riexp(-Ea/kT)At
turned out that the microstructural feature which is
most sensitive to the metal film electromigration per-

formanceio the crystallographic ratio R[111)/[200] be- The figure of merit of the technique is the MEF:
tween the X r" diftaeW peaks intensity. Median Energy to Fail (mJ/cm) defined as the 50%
The structural order of the film in fact, preventing point of the lognormal distribution of the failure en-
the voids aggloseration that takes place at the stripe ergies measured on a wafer (fig.1).
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fig. 2 MEF values for a set of samples with different| r~~~~ig.1 A typical lognormal distribution of failure en- thcesofteusrteoi; tpaivtda-
thickness of the substrate oxide; not passivated sam-

ergies on wafer; the normal axis is centered on the
distribution 50% point, +1 and -1 points correspond pis
to +1 and -1 sigma of the distribution. The MEF 200
value is also shown. *

IS

The stripe temperature is a function of both the cur- 0
rent density and the heat dissipated by the metal to-
ward the substrate. Since the temperature is an ac- s
celerating parameter for electromigration, the BEM

results need to be normalized to the thickness of the
oxide underlaying the metal, which constitutes the .......

major heat sink for the stressed stripes. O0de Thickne (Angstrom)
We have therefore prepared a set of wafers with oxide
layers of different thicknesses, from 0.1 pm to 1.5 pm, fig. 3 MEF values for a set of samples with different
and performed the BEM test on metal films deposited thickness of the substrate oxide; passivated samples.
on the different substrates. The test was performed
on both passivated and not passivated samples. 3 Experimental
The results are presented in fig.2 and fig.3; the MEF
values are higher when the metal sits on thinner oxide The test. were all performed on 4" Silicon wafers met-
layers, where the heat dissipation through the dielec- alized with 1 pm thick AII%Si films, on four termi-
tric is more efficient; at thicker oxide layers the faster nals stripes of dimensions 4 pm - 320 im and 8 pm -

temperature increase results in a stronger acceleration 640 pm. The substrates were oxidized prior the metal
of the phenomenon and therefore in smaller MEF val- deposition. In all cases the passivation was 7000Aof

ues. It is important to observe that even when the SiO2 phosphorous doped at 4- 5%.

rate of heat dissipation is very poor the failure mech- The wafers for equipment characterization were met-

anism is still eectromigrStion; this is confirmed both allized on four sputtering systems whose main fea-

by the monotonic behavior of the curves of fig.2 and tures in terms of vacuum configuration and of depo-

g2 and by SEM observations of the stressed stripes. sition rate are described in table I. In this respect the

As mxpected the effect o a psmivating layer is to in- equipment are rapresentative of the evolution in the

crewm the c, I iion performance of the metal technological approach to VLSI metallization that has

and to decres the dispersion of the failure energies taken place in the last years. For this experiment the

on wafer. wafers were oxidized with a 1.7 pm thick SiO2 layer.
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I - variations due to photolitographic definition.
A I . I M A/m I Our results indicate a strong corrnlion between the

Ipurity level of sputtering atmosphere and the good

I ~ ~ _O I1'C - quality of the deposited film, both in tes of the
I LI - crystallographic growth and of the electromigration

son 2tOIm/ per - . First of all an efficiet pumping sys-

SO I (111) Or WY ten, able to lead to pressure in the 10-'torr range inI IiI .t I ())I I ____t_'_l ___/ I
S - , - I- . the main chamber, is necessary to guarantee a good

Table 1. Al film quality (B,C and D).-Pumping efficiency can

be further increased introducing a transer chamber

The realization of multiple level metallizations is one (load-lock) to load the wafers in the sputtering area.
It is also important to increase the deposition rate (C

of the key points for increasing the degree of VLSI and D). All these features are related to the reduction
device integration. Multilevel metal devices are ex- of gas trapping in the film during deposition, which
tremely critical in terms of surface topography; a poor results in a more ordered crystallographic growth of
step coverage of the metal layers, espeially in con-

the Al grains and finally in a good electromigration
tacts ad vias with high aspect ratio, can therefore baviour.

result in a reliability concern for open circuit failures.

Aluminum film planarization is one of the proposed I S,,'. I rqudlpant I W.F IA .(111)/I pro"" pwtas Irs

solutions, since it provides adequate sidewall cover- -I W1 . .-. 1
I I r, I I {1 1 I 10 : I

age and complete via filling. i I 8 (111)1 1 I I N
I I may I

Between the prospected methods for increasing the I I i I 1
I D 9 I 0 260oC I V (W)

metal redistribution on wafer are the high tempera- I _ _ I I
i--I I I- I I

ture deposition and the application of a biasing volt- 3 n I e I C C (C)

age to the substrate: the first enhances the mobility -I - I - -I

of the deposited Al atoms, the other, if the bias is A I C I al 2s c 40

high enough with respect to target power, increases - I I I I I

the resputtering rate. 5 C S 2 2 Ca 19C V (O)

We have investigated the effect of substrate biasing on

Al film reliability. The samples were prepared using Table 2.

equipment C and D (table I) applying both DC and

RP bias to the substrate. The underlaying oxide was To analyze bias effects, different kinds of test samples

7000Afor all these samples. were prepared, as shown in table II, where are re-

Film crystalline structure was investigated using X- ported the MEF results with the corresponding XRD

ray diffractometry. The significant parameter for eval- data. In this case differences in R0 are mainly due to

uating the degree of cristalline order has been take to the different deposition processes and therefore MEF

be the ratio between the height of the diffraction peaks values were not normalized. Samples 1 and 4 were

corresponding to the crystallographic planes (Ill1) and prepared with the standard process parameters used

(200) of aluminum, for equipments C and D. The corresponding MEF val-
ues, the highest in this test, are typical for these sput-

4 Results a d Discussion tring systems. Crystallographic structure, showinga complete orientation along the (111) planes, indi-

In table I we present the results of the BEM test per- cates a well ordered growth of the films during de-
formed on AII%Si films prepared with the four depo- position. Conversely films prepared with an high de-

siltn systems. MEF values are normalized to the in,- gree of substrate biasing (no matter if RF or DC bias,
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saupls' 2 and 3) show a dramatic decrease in the
MEF values with the corresponding wa (111) o en- 6 Acknowledgments
"ation. The low value of DC bia employed for sample

5 preparation results in a limited Al atoms resput- This work ha been partially supported by the EEC

tering and therefore in a still high MEF value. The inside the ESPRIT Project 554 SPECTRE. We wish

crystal growth is not significantly modified, but no to thank F.Riva for the experimental setup, G.Queirolo
improvement in step coverage is observed. for the XRD measurements and M.Mora for supplying

some of the samples.

5 Conclusions
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In this work we have shown that BEM provides a fast

and versatile technique for metallizations reliability 1) R.W.Pasco, J.A.Schwartz Solid State Electron. 26,
testing. Our approach has been mainly in the deter- p.44 5 (1983)

mination of the deposition conditions influence on the 2)T.M.Chen,T.P.Djeu IRPS 1985 Proceeding, p.87
reliability of the films, both in terms of equipment 3)B.J.Root,T.Turner IRPS 1985 Proceedings, p.100

and of process parameters. The results show a defi- 4)C.C.Hong,D.L.Crook IRPS 1985 Proceedings, p.108

nite relation between the electromigration resistence 5)L.Yau,C.Hong,D.L.Crook IRPS 1985, p.1 15

of Al films and their cristallographic quality; the re-

duction of mass flux divergence points results in a

prolonged life for the conductor. The BEM results

indicate that the realization of a reliable metal struc-

ture is connected on one side to the sputtering en-

vironment (good vacuum levels, fast sputtering rate)

and on the other to process conditions that favor the

ordered growth of the films.

For metal planarization our results point to the risks
involved in the use of a substrate bias either DC or

RF. If the biasing voltage is effective for a step cov-

erage improvement it has detrimental effects on reli-

ability, since it modifies the crystallographic growth

(increase of the resputtering rate and contaminants

inclusion). On the other hand if the biasing voltage
doesn' t influence the Al microstructure it is not even

effective in in improving the film planarization. The

action of a high temperature deposition on both pla-

narization and reliability is still under investigation.

Other applications of the technique are in progress. In

the production environment BEM is used to continu-

oely check the quality of the outgoing lots by means of

a test stripe inserted in the devices scribing line. Eval-

uation of new metallization alloys is a future applica-

tion, once the activation energy for electromigration

in the materials under study will be known.
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ELECTRICAL AM STRUCTURAL CHARACTERIZATIOM OF ELECTROCIGRATION IN AI-Si/Ti MULTILAYUR

INTERCONNECTS

N.FINITTI, A.SCORZONI, A.ARKIGLIATO, A.GARULLI

CYR - Istituto LANEL, Via Castagnoli 1, 40126 Bologna, Italy

I. SUNI

Semiconductor Laboratory, Technical Research Centre of Finland, Otakeari 7B, 02150
Eapoo, Finland

Abstract
In this work we investigate the correlation between the resistarce behaviour and

the mass transport in narrow line interconnects with a laminated structure incor-
porating multiple layers of Ti in Al-Si. For comparison, homogeneous Al-Si films are
also studied. The electromigration resistance is evaluated by applying a tempe-
rature-ramp resistance analysis (TRACE) at direct wafer level. The improved stability
against electromigration in the laminated structures is related to the formation of a
continuous barrier of the intermetallic compound TiAl 3 , preventing voids from
propagating across the film.

1. INTRODUCTION oxidized silicon substrates. Two different

Elactromigration lifetime of Al or Al-Cu types of metallizations were prepared, using

interconnectiona can be significantly impro- magnetron sputtering. The first metallization

ved by incorporating a compound of Al and a consisted of four Al-SI layers, 1100 A thick

transition metal inside the metallization each, alternating with three 200 A thick Ti

layer /1,2,3/. films deposited during the same pumpdown. in

In this paper we present the results of an the following this will be referred to as

experimental work performed to correlate the multilayer structure. For a direct comparison

electrotigration induced damage to the of the electromigration behaviour in unlami-

resistance changes in homogeneous Al-Si and nated structures, Al-Si films of 5000 A

laminated Al-Si/Ti stripes, thickness were also prepared. After sputter-

The test lines were investigated by ing, different types of electromigration test

applying a temperature ramp-technique (TRACE) vehicles (see ref.5) were delineated by

/4/. By using this method to analyze the standard photolithography and chemical wet

resistance change in a stripe under high etching. The results reported in this paper

current stress, the kinetic parameters for are relative to linwidths ranging between 4

the early stages of slectromigration can be and 5 /um. The samples were then annealed in

determined. an argon gas flow at 450*C for 30 min, in

Failure analysis and metal film characte- order to form the intermetallic TiAl3.

risation were carried out by optical micro- The electromigration measurements were

scopy, SU( and TI analyses. carried out at wafer level using a manual

probe station with a temperature controlled

2. EXPERIMNTAL hot chuck. The stripes were tested using the

The metal films were deposited on 3 inch TRACE method /4/. In this technique, the elec-
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trooigration kinetics relative to the early &RM1 is the resistance increase induced by

stage of electromigration are studied by electromigration and Ro is the resistance at

performing resistance measurements as a the initial ramping temperature. The data for

function of a linearly ramping temperature. the initial 6Z relative resistance change fit

The test set-up was entirely controlled and a thermally activated process described as

monitored using an UP-9816 computer. The PME
Increase in the stripe temperature induced by -A- - - A ej

the stress current was determined by wasur- t o kT

Ing the resistance at different current with an activation energy Ea-0. 4 3 eV and a

densities between room temperature and 473 pre-exponential factor A-.33 s• The

*K. As a result the electromigration effects stripes stressed at 5.5x10 6 showed similar

are displayed as a function of the actual activation energies, but in this case they

temperature of the stripe. Optical micro- failed by developing an open crack at an

scopy, 531 and cross-sectional TEN were used average temperature of about 613*K. Randomly
to investigate the structural damage caused located small hillocks appeared along the

by the current stress. line during the test (Fig.2).

3. RESULTS AND DISCUSSION

The first experiments were performed on

the AlSi metallization. By following ref.4,

the measured conductor resistance was separa-

ted into two Independent additive terms, -

and R., representing the temperature and the

electroaigration component respectively. The

measurements reported in this work were

carried out at J-2.8xl0
6 and 5.5x10 6 A/cm

2

and ramping rate r-O.25*1/s. A typical result

obtained on an unlaminated Al-Si film under

current stress is shown in Fig.1, in which FIGURE 2

SEM micrograph of an unlamined A1 Si struc-
ture stressed at J - 5.5x10 A/cm , showing

J --106 I hillocks randomly located along the line.
. r we.5"t

E.043 V
A=133 uirW In order to compare the behaviour of the

different metallizations under study, the

0 oa multilayer structures were tested at the same

current density (J-5.5x106 A/ca2 ). while for
. comparison with the unlaminated Al-Si struc-

ture the stripe temperature was ramped up to

the failure temperature of these films

TJPMTUWE (OKI (613"K). In this case, the resistance monito-

red as a function of the stripe temperature

PIGU i did not show any deviation from linearity,

Eleetromi4ration resistance as a function of indicating that the electromigration compo-

stripe toerature nent in the measured resistance is completely.
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FIGURE 3 FIGURE 4

SEK image og a multilayer structure stressed Large extent of hillocks along the positive
at J35.5xi0 A/cu , showing hillocks forma- end of the multilayered stripe.
tion at the positive end of the line.

negligible. However. SEK observations of the To avoid the effect of hillocks on the vol-

stressed multilayer structure revealed a tage measurement in the multilayer structures,

limited amount of hillocks (see Fig.3). In this was performed as shown by the inset in

contrast to the case of the unl-sinated Al-Si Fig.5. For relative resistance changes up to

the accumulation of material occurred only at 5 the experimental data could be adequately

the positive end of the stripe. Slight ero- described by a single activated process with

sion of material was observed at the junction E - 0.54 eV and A = 2.7 sec
- 1

. The low valuea

of the stripe and cathodic current terminal of the activation energy indicates electro-

but it was not effectively detected in the migration processes directly related to Al

voltage measurement since the depletion grain boundary diffusion or to another mecha-

mainly occurred between the current tap and nism with a fortuitously similar activation

the voltage tap. In fact, increasing the energy. Further measurements at different

stripe temperature to 663*K the resistance ramping rates are currently under way.

change (deviation from linearity) became

negative /5/. This was concurrent with an I . 5 5x10A/cm= 2

increasing number of hillocks which appeared 12 r- Q25K/sec Al-Si/Ti
along the positive end of the line extending E-054eV
beyond the voltage tap, and were therefore .09 A-65 see

electrically detectable (see Fig.4). The

observed behaviour Is In agreement with the
I 06

results obtained fro.. accelerated lifetime

tests as reported in ref.2.

The extensive formation of hillocks was

never found in homogeneous Al-Si films. One ._._._.

should note however that single layer metal- 570 610 650 690 730

lizeations failed by developing open cracks TEMPERATURE (K)

below the temperature at which the formation FIGURE 5

of hillocks on multilayer stripes effectively ElectromigratIon resistance as a function of

sets in. stripe temperature (see ref.5 for details).
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The limited number of electromigration in- could give rise to large current density va-

duced defects on the test stripe (except in rinations. For thin Al overlayers this could

the stripe ends) would suggest a more uniform become detrimental, whereas for thicker films

icrostructure in the laminated metalliza- the effect of interface roughness in expected

tions compared to the conventional Al alloy to be smll.

films. Other Investigators have pointed out

that relatively uniform columar grains and a 4. CONCLUSIONS

continuous ntermtallic compound layer are The resistance degradation caused by

fundamental in improving the electromigration electromigration proceeds in two different

resistance of laminated interconnects /1/. ways in single layer Al-Si and multilayer

An appropriate TEM procedure for sample pre- AklSi/Ti films. For Al-Si interconnects,

paration has been recently set up /6,7/ to stressed at 5.5x10 A/cm2 , the degradation

obtain longitudinal cross-sections in 5 um starts at relatively low temperatures leading

to open-crack failure at about 613'K. For

nultilayer interconnects the resistance change

is only observed above this temperature,

although the activation energies suggest

similar electromigration processes. The

structural damage in laminated interconnects

under high current stress is initially cons-

trained to the stripe ends where the Al

migration results in erosion or accumulation

of material, depending on the flux direction.

The cross-sectional TEM observations confirm

that a continuous barrier of the intermetallicI compound has formed inside the laminated

FIGURE 6 structures during the annealing stage. It is

Bright-field TEM micrograph of an Al-Si/Ti quite evidently responsible for the improved
multilayer structure annealed tt 45q°C for stability against electromigration failure.
30 mnn and stressed at J-5.5x10 A/cm up to
6630K.
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PLASMA ENHANCED CHEMICAL VAPOUR DEPOSITION OF TUNGSTEN ON SILICON AND SILICON
DIOXIDE SUDSTRATES

! C.M.T. Hodson. J. Wood. and M. Middleton

Department of Electronics. University of York,
Uemlington, York YO1 5D,
England.'

Tungsten films have been deposited onto silicon end silicon dioxide substrates by
plasma enhanced chemical vapour deposition, using the reaction of tungsten
hexafluoride and hydrogen. The deposition rate, sheet resistance, and adhesion of
the films have been studied as a function of the process parameters: substrate
temperature, gas flow and composition, and pressure. Adherent tungsten films with
sheet resistances lower than I ohm per square have been produced.

1. INTRODUCTION hexafluoride WVF. This can be reduced to

In recent years there has been considerable tungsten by reaction either with hydrogen or

interest in the use of refractory metals, and at the silicon surface. Plasma-enhanced

their su1icides, as metallisations for silicon processes offer a further benefit in that the

ICa. These metal systems have several rate of reaction can be increased

advantages over conventional aluminium-based significantly without raising the substrate

metallisations for electrical contacts, temperature: this is the regime of plasma-

interconnections and vias at the VLSI level of controlled processes.

mialaturisation [1,21. Tungsten has been One of the objections to the use of PCVD

identified as being particularly suitable: It is that the dependence of film growth on the

has high conductivity, Is thermally stable and process conditions is often poorly understood.

relatively Inert, and does not suffer The purpose of our work Is to carry out a

electromigratlon problems [3). comprehensive programme of characterisation of

The common techniques for the deposition of the deposition of tungsten on silicon In a

tungsten are sputtering and Chemical Vapour glow discharge. So far the effects on the

Deposition (CVD). The advantages of CVD reaction rate of gas flow and composition,
processes are well-known, the most Important substrate temperature and chamber pressure

being the ability to deposit coformally over have been studied [8].

steps In the underlying structure and the

opportunity to vary the film composition as a 2. THE PLASMA CVD EQUIPMENT

fuactiom of depth (4,51. Tungsten leads itself All the deposition studies were carried out

well to CVD processes by virtue of the In a Plasma Technology planar diode reactor,

existence of the volatile and easily reducible as shown In figure 1. The chamber is pumped by

This werk has been carried out with the support of the Alvoy Directorate and the Science and
Balhiering Research Council, U.K.
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a altroeea-ballasted Roots pump combination, The gas flow rates are In the
with the pump speed - and hence chamber etolchlomtric ratio for the hydrogen
pressure - controlled by a throttle valve, reduction of tungsten heaafluoride:
The reactor features purpoe-built gas W16 + - > V + si
handling equipment and control electronics. The rf power corresponds to a power density
The power supply for the glow discharge is a of 5 ms2 in this system.
0-800 Natt, 10-lao k, generator. Further In the work described here we have varied:
work to investigate the characteristics of the (1) The ratio of Wj:112 between 1:1 and 1:1o;

process in the Maz region will be carried out (2) The V 6 flow rate between 0 and 15 occw;
shortly. (3) The substrate temperature between 1500C

The silicon substrates are placed on the and 400'C:
earthed lower electrode. which Is resistively (4) The pressure between 200 and 1000 Torr.
heated, allowing the substrate temperature to The silicon and oxide coated wafers were
be controlled up to 4000C. This forms the basis given a vapour clean in organic solvents,
of a set of process experiments outlined followed by an RCA clean [7], which was found
below. to improve adhesion of the films

significantly, although it did not affect the
properties of the films themselves.

H2F 4. RESULTS AND DISCUSSION

RFThe quality of the deposited film surface
Upperwas assessed by optical microscopy using

Nomarski Interference contrast. The deposition
Pyrex - rate was determined by microgravinetric

cmeasurements, and the sheet resistance of the~films was measured using a four-point probe.

The sheet resistance was approximately
Heated - inversely proportional to the deposition rate,
Lower confirming the general observation of Greenelectrode Rimp .-

and Levy (8) that the resistivity of tungsten

is approximately constant for films greater
than 50 no thickness.

Figure 1: Schematic diagram of the plasmaSdeposition system. The deposited filme* have been In the range
dy 50-460 na thickness, with resistivitles of

between 15 and 30 microhb-ca. The lowest sheet
3. PROCESS CONDITIONS resistances observed were around 0.6 ohms per

A standard set of process conditions was square In films grown at 350 to 400'C; the

arbitrarily chosen as a basis for comparisons process tine was 20 minutes.
between experiments. The standard process is Nost of the work has been carried out on
as follows: silicon substrates, where the initial reaction

Chamber pressure 280 *Torr ts one of silicon reduction of the WF& to form
UV& flow rate 10 oca an Initial tungsten layer [9]. Once all the8l flow rte 30 nccoiowtratemperature 250'C silicon sites have been used up the deposition

rf Power 25 V 0 lOOkis proceeds by hydrogen reduction of W*. £
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The adhesion of the tungsten film to suggested that the rats-limiting stop mwa

silicon Is generally good, although the either a direct ion-surface reaction replacing

adhesion and deposition rate can be affected the rate-lilmiting hydrogen adsorption stop In

by deposition on the chamber malls. Films have the CVD case, or that the presence of ion

a been deposited on oxide coated silicon wafer, bombardment ome reducing the apparent

and also onto glass. Adhesion in both cases is activation energy of the reaction. The

worse than that to silicon at high substrate Arrhenius plot of the sheet resistance is

temperatures. but below 2506 C they are shown In Figure 2.

comparable. It Is hoped to produce a TEMPERATURE C

completely non-selective process by mans of a 20 190 350 300 250 290 150

suitable surface treatment.

4.1 Variation of the gas flow ratio 10, X

The lowest resistivity film were found to X

occur when the gas flow ratio was

approximately stoichlometric, such that WF& :H2

was equal to 1:2.8. At lower hydrogen Q.)z

concentrations competition occurred between i-_ 1

deposition and etching reactions due to the 0 X

presence of excess free fluorine. At higher

hydrogen concentrations the deposition rate

we reduced, possibly due to dilution effects.

The ratio of WF& to II was fixed at 1:3 for all& 2 0.1
subsequent experiments. 1 2 2

4.2 Variation of the gas flow rate
Figure 2: Arrhenius plot of the sheet

The deposition rate was highest at a UF resistance of the tungsten films

flow of about 10 acca, and the rate fell

rapidly as the flow rate was reduced. This 4.4 Chamber pressure

suggested that the process was limited by mass To investigate further the chemical

transport; that is. by the rate at which the behaviour of the reaction, the variation of
WF 4 reached the reaction chamber. The reduction the deposition rate with chamber pressure was
in deposition rate as the flow rate was studied. The gas flow rates were maintained

Increased above 10 accm may be due to a constant, and the pressure varied by adjusting

reduced dwell time of active species in the the pumping speed. Homogeneous reactions are

chamber. The film quality and adhesion were largely insensitive to pressure variations.

better at the lower flow rates, where t,. The reaction occurs in the Sas phase and any

deposition rate was lower, solid products may then deposit on the wafer.

4.3 Substrate temperature In contrast, heterogeneous reactions occur by

The temperature dependence of the adsorption of the molecules onto the surface

deposition rate was of exponential form, where they than react. Such reactions depend

indicating that the reaction which took place strongly on pressure but not on gas flow

was of an heterogeneous character. The [12.18]. The initial results, displayed In

apparent activation energy of the plasm Figure S. show that above about 300 mTorr in

enhanced reaction was 0.33 eV per atom, the chamber, the deposition rate was almost

compared with the published value of 0.71 eV Independent of pressure, and may thus be

per atom for the CVD process (101. This classified as homogeneous. For the reaction
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vesel we ame using. pressres below about 200 RERXCBS

~Tor should promote the heterogeneous * **at'ore ~ ~ ~ ~ ~ ~ ~ ~ l hed prot th Itoqsoe [] IRland. J.P., Vandrlkson. If.B..

character of the reaction. Work 1 currently Keeler. D.D., Jovy. D.I., Quint. U.N..
ffewlett-Pscksrd Journal, Augrust 100s,

mdr my to Invetigate the low pressure R0 -o

regime In order to careactorie this
depositiom teaction. (21 Vosen. J.L.. J. Vac. Scl. Tech. 10

[3 Wolf, S. sad Tauber, R.N., Silicon
Processing for the VLSI Era (Lattice
Press. U.S.A.. 1986)

30. [41 Roes. D.W.. J. VaC. SCI. Tech. A2 (198")

ni300 C *244-252
20- [5] Akitmoto, K. and Watanabe. K., Appl.
0 Phys. Lett. 41 (1082) 75-78

10. [6] Hodson, C.N.T. and Wood. J., Bloc.
0200 C Letts.. in print.

(7] Kern, W. and Puotinen, D.A.. RCA Review

0 o 260 bo o g- y-- (1070) 187-200

PRESSURE (eTort) [8] Green. N.L. and Levy. R.A., J.

Electrochem. Soc. 132 (1985) 1243-1250.

Figure 3: Dependence of growth rate on

pressure 
B lectrochem. Soc. 132 (1985) 2779-2784

i' 101 Brodbent, E.K. and Ramiller, C.L.,

, 5. glectrochem. Soc. 131 (1984) 1427-

5. CONCLUSIONS

Adherent, low resistivity tungsten films [11] Wilkes, JG., Solid State Devices (1985)

have been deposited euccessfully onto silicon 160-162

substrates using Plasma-CVD techniques. Films [12] Wilkes. J.G., J. Cryst. Growth 70 (1984)

can be grown with sheet resistances below 1 271-279

ohm per square in 20 minutes at process

temperatures of between 250 and 4000 C.

Further studies of the chemical kinetics

are In progress to Investigate the effects of

the rt discharge on the reaction rates and

nchalms.
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PLASMA ANODIZATION OF SILICIDES

B. PELLOIE, J. PERRIERE, J.P. ENARD, A. LAURENT, I. MONTERO +
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* Groupe de Physique des Solides de l'E.N.S., Universiti Paris VII, Tour 23,

2, place Jussieu, 75251 Paris Cedex 05, FRANCE.
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We summarize here, our present understanding on the mechanisms of formation of oxide
films grown on silicides by room temperature plasma anodization. The studies of the
oxygen ions and cations transport processes during the plasma oxide growth on sili-I cides of various refractory metals (Zr, Hf or Ta) and rare earths (Gd, Sn) were
carried out using a combination of nuclear reaction analysis, Rutherford backscat-
tering spectrometry and 180 isotopic tracing experiments. To explain the results on
ionic migration, we propose a model based on a "place exchange mechanism" in which
molecular entities exchange their position during oxide growth.

1. INTRODUCTION silicides at room T. Use of the term "plasma a-

Due to their low resistivity and high chemi- nodization" indicates that the potential at the

cal stability, silicides are finding increasing surface of the sample (V ) is determined by the

applications as gate or interconnection material plasma parameters, and that the substrate to be

in the very large scale integrated devices. Mo- oxidized is positively biased (Vb) with respect

reover, the possibility to produce on silicidesa to V . The resultant mean electric fieldE across
s

protective coating (electrically insulating oxi- the oxide of thickness d is defined by

de) offers inherent advantages in multilevel me- E - (Vb - Vs) / d

tallization schemes. To successfully utilize si- This field, which is in the range 106 to 107 V/cm

licides in device fabrication, a good understan- is the driving force for the migration of ions

ding of their oxidation behaviour as well as of through the oxide leading to the growth of thick-

the properties of the grown oxides is required. er films. One important difference from the ther-

As a result, a good deal of work on the thermal mal oxidation of silicides is that the plasma a-

oxidation of silicides has been done over the nodization leads to an oxide formation which does

past years [1,2]. not affect in any way the silicon-silidde inter-

An interesting feature of the thermal oxida- face since, because of the low T of formation,

tion of most silicides is that the growing oxide any atomic transport through the silicide can

appears to be pure SiO2, while the integrity of be ignored.

the silicide is preserved. This may be related, In this paper, we present the results of our

in part, to the oxygen transport through the study on the oxygen ions and cations transport

oxide and to the rapid migration of Si and metal processes during plasma anodization of silicides.

atoms through the silicide. The case of silicides is by itself very attrac-

We have studied the possibility of growing tive, since the presence of two distinct cationic

oxide film. on silicides by a low temperature species offers an alternative to isotopic tra-

and dry process : anodization in an oxygen plas- cing of cations. In this work, the combined use

ma [3,4] . Thus, we have shown that thick oxide of isotopic tracing and transport number mea-
films can be grown on refractory metal (Zr, Hf rements leads to information on oxide growth me-

or Ta) silicides, or on rare earth (Gd, S) chanima which are not compatible with the clas-

S: .--- , . .. .. . .. ..... ..... ..... .. , 'A :' - ...
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seal treatment based on point defect migration.

Hence, we propose to describe the ionic mov m t

under high field via a place exchange mechanism

between molecular groups.

2. EXPERDIMENTAL

The silicides were obtained either by heat 5 8V

treatments of thin deposited films (Zr, af, Gd

or Sm) onto Si, or by co-sputtering form Ta and 1 2 0

Si targets on Si substrates followed by a vacuum CHANELS

annealing. The plasma anodizations were carried

out in the -multipolar plasma set-up previously

described [3,5] . In this system, the magnetic FIGURE 1RBS spectra for SmSi 2 anodized in plasma at
confinment of the primary electrons allows the v sr a ornt ia n d a

production of dense plasmas at low pressure

(5.10 -4 Tort). ring oxide growth : up to 75 volts, the peak

Rutherford backscattering spectrometry (RBS) area increases, and then, with further potential

was used to determine the stoichiometry of the increase it does not show any change while the

as-formed silicidepand plasma grown oxides as overall oxide thickness always increases.

well as the depth distribution of the cations This behaviour, observed whatever the sili-

after the plasma anodization. The overall 160 cides, has been correlated to the variation of

and 180 contents of the oxide films were measu- the mean electric field E during plasma anodiza-.

red using respectively the 0(dp)0 and 1 0 tion. E first decreases sharply with oxide thick-
(pa ula reactions 6].The 18dpt(p) ule [6] the o l0 depth ness, then more slowly tending towards a limit

profiles in the oxide films were obtained by the value. Thus, a general description can be given:

analysis of the excitation curves of the 1 8 0(p, for small thicknesses, E is high (> 5.106 V/cm)

a) 1N nuclear reaction near the 2 KeV wide 629 and the surface of oxide shows an enrichment in

KeV reasonance[7] M oxide (M for Zr, Hf, Ta, Gd or Sm) associated

with a corresponding SiO2 decrease, the reverse
3. RESULTS AD INTERPRETATIONS being observed near the substrate ; as the thick-

Fig. 1 represents RBS spectra recorded for Sm ness increases, the M oxide surface enrichment

silicides at various steps of the plasma anodi- increases until the value of the field has de-
zation. These results are characteristic of the creased to below 5 106 V/ca. where upon the sur-

behaviour of silicides since similar spectra we- face enrichment in N oxide stops, while in the

re obtained on Zr, f, Ta or Gd silicide8. In bulk, the oxide mixture tends towards the stoi-

Pig. 1, the shape of the Sm and Si contributions chiometry deduced from the silicide composition.

indicates the formation of a mixed oxide, the These results show that cations (M and/or Si)

thickness of which increases with anodization take part in oxide growh during plasma anodiz-

potential. A surface peak is observed in the Sm tion of silicides. In fact, if we assume that

part ad it indicates an increase in the Sm oxi- the growth is only due to the movement of oxy-

de concentration in the near surface region, as- 
em ions, the ratio of to Si oxide oncentr -

sociated with a corresponding SiO2 depletion. In tion must be constant through the film, since

the bulk of the oxide mixture, the ratio of Sm oxygen movement cannot induce a mixing of ca-

to 9i oxide concentration appears fairly cons- tions. Moreover, the diffusion of Si atoms at

tanut. The Sm surface peak shows an evolution du- room temperature, the migration of Si cations

234
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against the high electric field and Si surface to Si oxide) in the near surface region.

losses are all highly unlikely. So the surface This place exchange mechanism can be seen as

enrichment in X oxide evidences the fact that M the reversal of an electric dipole (NaO) + -

catioms take part in the transport events. The (Si 0 )- under the applied electric field, and

correlation between the evolution of the oxide the propagation of such an elemental event across

depth distribution and the mean electric field the oxide mixture leads to the transport of char-

show that the higher he field, the higher the ge (ionic current) from an interface to the other

enrichment of N oxide. This means that the move- and to the oxide growth. In this description,

ments are assisted by the electric field and on- there are no net cation movements since M and Si

ly occur during oxide growth, since experiments exchange their places, and there will not be oxi-

carried out by biasing the sample in Ar plasma de growth at the outer surface due to cationic

(without oxide growth) show that the oxide nix- migration, i.e. t* 1%, 0. In fact, this place ex-

ture remais unchanged. change mechanism leads to the equivalent movement

This conclusion (movements of N cations du- of oxygen ion (0 x) towards the oxide-substrate

ring oxide growth) is in contradiction with the interface, and this will contribute to oxide

results of the measurements of the transport num- thickening at this interface with respect to the

bar of cations t during plasma anodization [8]. Xe markers, i.e., oxide growth only occurs by

In fact t + i.e. the relative fraction of oxide oxygen movements.

formed by cation migration has been investigated This mechanism is therefore a description of

in oxide grown on ZrSi2 using Xe atom markers. an oxygen ion movement and a consequence can be

RBS was used to determine the possible change in inferred. It involves the simultaneous movement

Xe marker position related to the change in oxi- under the applied field of neighbouring molecular

de thickness. For ZrSi2 plasma anodization [8], groups, i.e. the exchange distance will not be

the position of these markers remains unchanged very much higher than the interatomic distance.

during oxide growth yielding t %, 0. Thus, this As a result, this should imply the conservation

marker experiment indicates that the oxygen ion of the order of the oxygen atoms during an iso-

is the sole movinf species during plasma oxide topic tracer experiment 180/160.
growth. This leads to the following question :

how is it possible to have simultaneously only

oxygen ion migration and a N oxide surface enri-

chment suggesting M ion movements during oxide

growth

In order to explain how oxygen movements can

induce a segregation in cations, we propose an 0
interpretation which is based on a place exchan- I
go similar in som respect# to that suggested by _

Fromold [9], but mplying M and Si molecular gu ( ) o

groups as cation like and oxygen like complexes. I dWe assum that a M molecular group (M O0x ) psi- I?

tively charged exchanges its position with a Si - - .............-

molecular group (Si 0 ) negatively charged. The 0
a y THICKNESS Cl2O)

high field will favour the preferential movement

of N groups in the field direction i.e. towards FIURE 2

the oxide plasma interface. As a result, the M 180 and Zr oxide depth profiles in plasma oxide

oxide concentration will increase (with respect grown on ZrS12.
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To chek this point such oxper smt s tre Processes during plasma enodiation of silicides

Carried at and ig. I repree the too depth are not compatible with the classical treatment

Profil s in plm pro Oxides e n Zr srlicides based on point defect miration. To explainthese

Aftei tr e 160 oxide formeton (Fig. 2a ) the 160 results, ge propose to describe oxygen ion mi

plane a disation ( . o to 2d)less to &ration via place eaf. I etwein molecular

partial (Fverion of the orde r of ogen atom groups, the ch -tal transport event involving

16.

since 1 0 atms are found at the oxide-substratea the wi slneede ove a dailed micros
interface. However. port of the 10 atom, co- ion$.

min from the plama, preserves their order with c opever. such a description oiees rise to

respect to the 0 atos, already fixed since numerous questions on the existence of such t i-I ureaincon a lecular groups, d on the ability of the oxide

surface. The thickness of this 0 surface layer to supor su port ant disturbance during

increases with the overall oxide thickness up to the place exchange itself. In fact. i the pro-

Fig. 2c for which, the man electric field is ess the oxide network can be locally destroyed

equal to about 5.10 Vcm With further oxide during the movement, or it may only lose its ri-

growth (Fig. 2d) the mean feld decreases and gidty during the charge transport event. Fur-

the thickness of the pure 160 oxide surface layer ther work is needed to give a detailed micros-

remains constant. At the same time, the Zr oxide 2opic description of the place exchange mecha-

concentration, also presented in eig. 2, which kaA.

increases in the surface region up to ig. 2c,

remains constant in this region for further ACKNOWLEDGEMENTS
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INTRODUCTION form the complete silicide layer, the beam

The limitations of doped polycrystalline energy can be reduced by an order of magnitude

silicon and aluminium as gate and interconnect to 10-40 keV, resulting in a much lower level

materials are well known. The relatively low of damage.

resistivity of metal silicides, together with

their oxidisability has made them attractive DYNAMIC RECOIL MIXING

candidates for replacing polycrystalline The original dynamic recoil mixing (DRM)
silicon gates and interconnects. At present technique has been described at length else-
silicide formation is achieved by metal depos- where [3], (4] and is illustrated in figure

ition or co-deposition of metal and silicon 1. A 10 keV ion source is used to bombard

followed by a high temperature anneal. LPCVD a surface film. If the energy of the bombard-

processini has not generally been successful ing beam is adjusted so that the maximum in

for metal silicides. The dynamic recoil mixing deposited energy is near to the metal-silicon

technique described here utilises a single ion interface considerable atomic mixing will

beam both to deposit metal and to mix the metal occur. However, the bombarding beam will also

and silicon layers, and provides a low temper- back sputter the metal film which is renewed

ature route to silicide formation. by using a second ion source (1-2 keV) to

simultaneously sputter from a metal target.

ION BEAN MIXING Adjustment of the relative fluxes of the two

A number of workers such as Tsai et al (11 ion beams results in a dynamic equilibrium

and Tsaur et al [21 have used ion beam mixing such that the metal layer thickness remains

to promote substantial atomic mixing at the constant. Under such conditions significant

metal-silicon interface, the projected range recoil mixing occurs. Using this technique,

of the incident ions must be sufficiently large 10 nm films of cobalt have been recoil mixed

for a substantial proportion to cross the with 400 no polycrystalline silicon layers

interface. Consequently, bam energies in *x- grown on silicon dioxide [5]. Following an

case of 100 ey are usually required for the electron beam anneal, sheet resistivities

comonly used species such as As +  P+ or Ar+  less than 70/sq were measured for the recoil

resulting in a high level of damage which must mixed films. This value is 162 lower than

then e annealed. The advantage of low temper- those measured for silicide layers formed by

ature processing is therefore lost. By main- metal deposition and given an identical elec-

taming a thickness of metal on the substrate tron beam anneal. Rutherford Backscattering

surface which is less than that required to Spectrometry (UBS) showed that the uniformity
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of the recoi mixed samples ws considerably target. On reaching the pro-set thickness

batter, with uniform CoSi 2 layers formed the beem is switched from the sputter to the
to a depth of 150 M. mix mode where it rains until the sputtered

In the original experimntal apparatus the film is reduced to a thickness slightly less

film thickness was monitored using a quartz than the projected range. The ion beam is
crystal, hut due to the cross section of the then switched back to the sputter mode ar4

beam it was not possible to continuously mn- the whole process repeated until the required

itor the film thickness during DEM. The dose is attained. Automatic control of the

quarts crystal, but due to the cross-section above process is achieved by the use of an
of the beam it was not possible to continuously optical film thickness instrument, which con-

monitor the film thickness during DEM. The tinually monitors the film thickness by meas-

quartz crystal was therefore used to set up uring the light transmittance of the film

an initial dynamic balance on the assumption deposited onto a glass slide.

that it would remain constant during the period The single ion beam DIRM therefore relies

of processing. It was subsequently shown by on the thickness, t, of the film oscillating

1RS that this assumption was incorrect, and by an amount dt between two set points either

that the film thickness grew during the DDE side of the projected range. This has the

process. This resulted in the movement of overall effect of moving the position of
the position of maximum energy transfer away maximum energy transfer, t, of the mixing

from the mtal-silicon interface into the bulk ions, from the film, through the metal-silicon
L film. interface and into the substrate; i.e. from

t - dt to t+ dt (as with ion bean mixing).

MODIFIED DYNAMIC RECOIL MIXING More metal is then sputtered onto the substrate

A prototype system for the deposition of and the process is repeated.

CoSi 2 for use in "%SI circuits has been dev- Sputter deposition rates for cobalt up

eloped nd built based on a modified DRM tech- to 4nm/minute have been achieved so that 150 nm

nique as shown in figure 2. It makes use of of CoSi2 should be formed in well under an

constant film thickness mnitoring allowing hour. It is hoped that the prototype des-

for a more accurate dynamic balance, a single cribed here will lead to the development of

ion source for both sputtering and mixing and a DDM machine capable of production wafer

a rotating carousel capable of holding five throughput.

3-inch silicon wafers.

It was decided to incorporate an electro- OTHER SILICIDES

static beam deflection system to cycle the While the main application of this work

beam between the sputtering end nixing modes has been to develop a DPM process for CoSi 2

because of its inherent simplicity compared formation; it is useful to make some compar-

with splitting the single beam into two sub- ison with the formation of other silicides

baes. Using this new configuration, it is which have been produced using ion beam mixing.

not possible to dynamically balance the new The main parameters comparing thermal and

material arriving at the surface with the back- ion beam mixed growth appear in table 1 161,

sputtered material. A new method was therefore [7], [8], [9] whereTc is the critical temper-

devised where material is sputtered onto the ature below which no compound formation takes

substrate to a thickness slightly greater than place. It can be see that most silicide

the projected range of the mixing ions, the phases are formed at room temperature if ion

ion bem being deflected towards the sputter beam nixing is used in contrast with thermally
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Phase Tc Activatioe Growth Te Activation Growth Ion

Formed (Thermal) hergy Vs (Ion Bean) Enersy Vs Species
(Thermal) Tim t Induced (Ion am) Flux *

CV 0C

, b

CrSi 2  450 1.8 t RT 0.18 Cr

moSi 2  540 - 1150 4.1 t 0 "5  150 0.92 Ar

TiSi 2  600 1.5 t0.5  RT 0.2 Xe

TeSt 2  650 3.7 t RT 0.18 Ar

CoSt 2  550 RT Xe

cost 375 - 500 1.9 t 0 .5  >RT Xe
Co25t 350 - 500 1.5 t0.5  RT 0.23 Xe

NiSi2  >750 RT Xe

NiSi 350 - 750 1.4 t0.5 >RT 0.1 Ni,Xe

N 2Si 200 - 350 1.5 t0.5  -100 0.1 e0. NiXe
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Among the sensors able to be integrated with VLSI technologies, the gated micromagnetodiode is one of the

most attractie magnetic sensors due to its simple design, small size and good sensitivity

Micromagnetodiodes have been fabricated on Silicon-On-Insulator technology. Experimental results cocer-

ning magnetic sensitivity, current-voltge characteristics and transconductance are compared to simple models

which allow to understand more easily the phyaical behaviour of gated double-injection devices.

1. INTRODUCTION 2. THE MAGNETODIODE EFFECT AND RELEVANT

It is known that an exact behaviour of gated devices PARAMETERS

made with silicon films on insulator could only be obtained Magnetodiode sensors belong to the family of semi-

by solving Poisson's equation in the structure. Numerical conductor magnetic sensors based on carrier concentration

simulations of such solutions have recently been proposed ( 1], under crossed electric and magnetic fields [4,5].

namely with the program ISIS-I (one dimensional analysis The carriers are injected into the n region (low-doped

along the direction : gate-Si02 -Si film-Insulating substrate and 'base" of the device) by p+(anode) and n+(cathode)

back contact). This has led to a better understanding of contacts. They form an e-h plasma which is deflected by a

electrical properties of enhancement-type and depletion-type transverse magnetic field B (applied along z direction) towards

thin film SOt MOSFET [2]. A very similar technology is used one of the two asymmetric surfaces (in Silicon On Sapphire

to realize magnetic microsensors, e.g. the gate-controlled the carrier recombination velocity s. at the Si-AL0 3 interface

micromagnetodiodes (insert of Fig. I). is much higher than sl at the Si-Si02 interface; see insert of

Magnetodiodes are double-injection p + nn +  
structures Fig.l). Therefore the carrier profiles in the Si film depend on

which can be integrated with Silicon On Sapphire technology, the magnetic field polarity and intensity, which leads to

The recently superimposed Si-poly gate appears to strongly variations of the mean resistance of the structure.

influence, the device characteristics (Fig.) [3]. The current-voltage characteristics [6,7,8] are given by an

In this paper, simple models are proposed in order to extension of the well-known double-injection law, i.e. in the

describe and analyze the properties (magnetic sensitivity, ohmic and semiconductor regimes:

current-voltage characteristics, gate influence, .) and the main

parameters of the gated maguetodiodes.
J -q(notn + Pol'p) VD/L +

+ (9/8) q 4n14p Do-Po 1
eff VDZ/L 3  

(1)

*Alexander Onasala Foundation Scholar
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F~Ipr1 Configuration of Silcon-On-Sapplair p~nn+ gated micro.

nagnetodiode and tyicl uaperimmntal characteristics I vs. VD

where SI - VAB , where I - JbZ is the current across the

J a the mean current N scrom the device section, device.

VD the voltae applied between anode and cathode, For two opposite directions of the magnetic field (+B and

L the lengt of the -me, -13), We get from eq.(1) and (2):

q the elementary electric charMe

no and np. the sjgjlsh carrier concentrations,
I 2B

14n an Mp the carrier mobilities.

Idef which can be considered asan ecffiective carrier 1 9 V1 D W

lifetmis a key paaetr taking ino account surface, and u) j
magnetic field influences [6.,8]. For low magnetic inductions 9 g n- Srb 3

-r 1 ,-f (l-& + CEZD) (2)

where vi h arir&fitie.

is and gc coeffients account reapectively for the surface, 1-

and the carier concentration effects ; they depend on teVd(V)=IO

recmination prameters (bulk and surface), the diffusmo 00000000
leeth and the device (fllm) thickness;b. t)L=2Opim

.1 -ooo ExP Z=50p.m
3. A 81MRS MODEL AND! ITS [JMIAIIONU - irnul 8

The folowiftgdrastic sinspliflcation isused in the simplat .ca

model : the problem wil be considered to be one-dimensioc 4

by taking in eq. (1) and (2) amly the menae of~ 6

Parameter able to varyalong ydirection. Despite the fadt 0 4 2 0

that in such a cue it. im npossible to study the s influence, Vg(V)
it can be usefu for analyftn the influence of technological Figre 2

and geometrical (no-p*, p. rv, b, L, device width Z) Expersmental and simulated curves of current magnetic

or electrical (V1D) parameters on quantities such as the sensitivity Sj at different VD for Won micromagnetodiodes.

curent magnetic sensitivity St. We define for a constant Simulation parameters : 1%-210CM/Vjs. 1Mp-90=e2/Vjk

voltag VD applied to the flmamtodiods: 1v - Mus, - 10so/a, s - 200m/z, Si film thickness b -0.614m
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(LA~) (Is& 2 andthe influencos of the mumi parameters

are wel appearsd 6o. ncret ge~wt

Thssupomodel also shows that the sensitivity Sj wol
wnieth the rooombiontiost velocity a. at Si-Iunuaor

interface and would be inversely proportional to the recoin- 2. L =iDPm 00. Exp.

binafm cit as at iii2 erface. Z=25Ir - SgmjL

In shr lxc iodes teibeneo h gate voltage5 3

VGon Sj is stronger. and the assumptions corresponding to ~~V
this simphified model ane not always suitable so that threi Expeimental and simulated curves of current I vs. VG fo
not a good agreement betwen exuuerinient and eq. (3) (Irl3) Silicon-On-Sapphire magnetodiodes.

Si film thickness b -OUans. Simulation parameters : f eff - Un5-

00000 Qpq:- (SiO.,) < 1010 cm2; (sapphire):- 7.10)2cuirl
0 0 %Nssa: (S4O) : 5.10"10 CM-2e"~ ; (sapphire) :10'12 caneV-1

0 70m2/s (earsapphire); lcp from IM0 to 30 cmn/Vjs;

~,~ooooooO~oo...*) iallthed lcron y and oedniteo.(y), afepolinid the

X3 1 - 100090 film for each gate potential VG- Then the current charac-

-4 -2 0 2 4 teristcs I(VG) isdeduced (for aconstaut voltage V).

Figure 3 g9V Experimental and simulated curves for 1(VG) and

Experimental and simulated curves of current manei transconductance Gg(VG) are presented in Fig.4 and 5, and

sensitivity SI at different VD for short micromagnetodiodes. apparto be in fairly good agreement. It must be noticed that

Simulation parameters as in Fig.2 the simulated curves were translated by a constant voltage
VGo a' + IV which exactly corresponds to the work-function

difference +MS between a p + -polysilicon electrode and n-Si

4.AM RPRCSMOE film [ 9], not yet included in the program
Here we consider that the carrier transport between 5

adete y and oY which goer the etcfdublle-neton **0p

injecti asructuresic will be obta ied by o nsi ear that the0m

elementioary eatoioes co)nned n partallte tiflec
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dads do dow the M btwm1 uepuimain and i IMICS N"J1U PP.2W6

simukatom is mpacted to be amer Pwrbc *At a 2D (2) 1. htusk% J. MKa. G@MAI SoL St&t UectanM
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OPTIMIZATION OF P IMPLANTED SILICON BOLOHETERS

E. Baciocco, C.Boragno, U.Valbusa

Dipartimento di Fisica, Via Dodecaneso 33, 16146 Genova, Italy

C.Bresolin, G.Pignatel +

SGS Hicroelettronica, Agrate Brianza, Milano, Italy

We have measured electrical resistance R as function of temperature T in the range 2
- 20 K of several P implanted Silicon bolometers with the aim of optimize the
characteristics of the bolometers. We have investigated the R(T) behavior of several
samples obtained by varying implant conditions, depth profile and annealing.

1. INTRODUCTION

P implanted Silicon bolometers have been thermal treatment of the sample on the

used recently for detection of molecular electrical conduction.

beams, infrared radiation (1), alpha

particles (1),(2),(3), X rays (4) and 2. EXPERIMENT

ballistic phonons (5) , showing a large use in 2.1. Experimental set up

different fields of physics and chemistry such The apparatus to measure the electrical

as astrophysics, surface science, atomic and resistance R of Silicon P doped samples in the

molecular physics, laser spetroscopy, nuclear range 1-20 K it will be described elsewhere

and subnuclear physics. (7). Here we limit ourself to give a short

Silicon P doped low temperature bolometers, description of the method used to measure

doped with the method of the ion implantation, R(T). It is based on the measurement of the

have been realized by several authors (1), sample resistance by using a standard lock-in

(6). This method offers several advantages amplifier. This allows to measure resistance

over the diffusion-doping since this technique in the range 10 H ohm -1 K ohm dissipating 1

allows to create thin doped films which in nWatt- 0.1 pWatt in the sample in order to

consequence have very fast rasponce time (5). avoid self heating. The sample is inserted in

The aim of the present work is to gain a chamber in poor thermal contact with a
insight in the physics of the variable range liquid helium bath. The temperature of sample
hopping conduction on which is based the varies at a rate of 10

- 3 
K sec

- 1 
and it is

working principle of the bolometer and at the measured by a carbon resistance.

mean time to investigate the influence of the The lock-in amplifier is interfaced with a

+Present address: Dipartimento di Ingegneria Elettronica, Universitl di Bart, Bari,
Italy
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PC IBM AT which records R(T). The method All the samples are then activated by

allows to measure 8 samples at the same time annealing at 920 oC in N2 for 15 win and than

with an accuracy of 1% in the temperature in 0 at the same temperature for 15 ain.
2

reading and of 0,1% - 1% in the resistance

depending on- the value of the resistance 3. MEASUREMENTS

itself. Figure 2 illustrates observed resistance R-1/4 
z

2.2. Sample preparation as a function of T in the region 2-20 K

Single crystals of Si were prepared with P for some samples. The curves follow the

donor concentrations ranging from 3.7 - 2.0 temperature dependence derived by Hott (9)

10 cm"  near the critical concentration of

the metal-insulator transition N .3.74 1018 R = Ro exp (To/T)
1/4  (1)

c

cm-3  (8). The samples were obtained by

implanting different doses of P at different Best fit procedure on the data allowed to

energies in order to obtain a box profile, determine experimental values of To and Ro.

A typical profile Is reported In Figure 1.

It has been computer simulated by using the

program SUPREM III.

The resulting box profile gives an average 5

concentration of n=2.O 1018 cm3 2

vE 4

0 *3

10 2

.5 .6 .7 .8 .9

17 T 4  K 4
10

2. 4 .6 8

X micron FIGURE 2

-1/4
Plot of In R versus T according to the

Mott law. All curves have been normalized at

FIGURE 1 (10 K).

Depth from surface X for nm2.0 1018 cm-
3  Figure 3 reports R(T) measurements for samples

of same concentration n.2.2 1018 cm-3 which

Similar calculations have been carried out for have received different thermal treatments.

all the sample reported in this paper. Sample I has been annealed at 600 °C for I

246



hour in N 2 and subsequently at 920 0¢ for 15' To 1/4 -5/4
in N 2 and 920 eC for 15' in 02. 8 4 T

Sample 2 has been annealed only at 920 °C

for 151 in N2 and 920 oc for 15' in 02 and The To values obtained by the data of Figure 2

sample 3 at 600 oc In N 2 . By looking in Figure and others not reported can be scaled with the

3 it appears that sample 2 shows a temperature
conenta~in rtio-- s rported by (10)

behavior with a slope lightly steeper than cnetainrion2 asrpte by (0
c

sample I and both result much steeper than following

sample 3 showing clearly the importance of

annealing and leading to the conclusion that To b (I - -2)P(23 (2)
the standard annealing procedure described in k N(EF)l n

F 0 c
section 2 is very satisfactory.

where b is a numerical value, N(E ) is density

of states at the Fermi energy, k the Boltzmann

constant, n the crytical density, I the
c o

effective Bohr radius of the donor and P a-3 parameter which according to the scaling

_ 3 theory of localization (11) is p

-0 Equation 2 can be taken as a scaling law
for To. Figure 4 reports the values of In To

1 versus In(l -
n

"e .04 .06 .08
0-, 6  A

f106

FIGURE 3 2

Plot of 1n R virsus T
- I I4 for the same sample 10

n=2.2 101 cm- and different annealings. All .0
curves have been normalized at R(20 K) and

T=20 K.

4. SCALING LAW -15 -1.3 -1.1 -9 -.7 -.5 -.3
In I - n

It is well known that the responsivity of a nc
FIGURE 4

bolometer depends by the temperature In To versus In (1-n/n).
c

coefficient of resitsance a = (I/R) dR
dT

Near the critical density, the curve

follows the behavir of equation (2) with an
In our case a can be expressed in term of To experimental value of 3P = 3.3 - 0.05. Similar

by the Mott law resulting scaling law has been found in Si:As near the
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critical concentration (10). (11) Abraham, E., Anderson, P.W., Licciar-
dello, D.C. and RamakrLshnan, T.V., Phys.
Rev. Lett. 42 (1979) 673.
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LARGE AREA SILICON DETECTORS FOR CALORIMETRY IN HIGH-ENERGY PHYSICS

S. Passerini, H. Zambelli, P.E. Zani

NISALDO - Unita' Semiconduttori
Via N. Lorenzi 8, 16152 Genova, Italy

This paper presents the preliminary results obtained in the
development of large area p-i-n diodes to be used as particles and
radiation detectors in high-energy physics experiments. Large area
room-tomperature operated silicon detectors widen the potential field

of application for solid state detectors in high-energy physics. Large
equipments, like electromagnetic and hadronic calorimeters, could be
built, in the near future, using large active areas of silicon to the
place of more traditional detectors, like scintillators, gas chzmbers,
cryogenic and room temperature liquids.

1. INTRODUCTIONaSilicon detectors are a major
SThe incident radiation, gamma-rays,

instrument in high-energy physics x-rays or charged particles, produces
experiments C11. They are very electron-hole pairs which are swept to
attractive because they can achieve the n+ and p+ contacts by the applied

2' high spatial resolution, have a fast electric field. Such a p-i-n diode, to

response time, can operate at room be suitable as a high quality radiation

temperature, in strong magnetic fields, detector, must have a sensitive region

in vacuum, and are adequate for free of charge trapping centers,

arrangements with particular geometric contacts thin enough to allow the

constraints. In the past silicon penetration of the incident radiation,

counters have been employed mainly as low bulk and surface defects to limit

vertex detectors, but now they are at very low levels the reverse bias

expected to find wide application in leakage current. The detectors

calorimetry. This application requires presented in this work are actually the

a large amount of active silicon area largest silicon junction detectors up

in order to cover the whole solid angle to now developed for radiation and

around the point of collision of the charged particles detection. These

incident particles. In order to arrange devices have been used at the end of

tens or hundreds of square meters of

silicon area, any single detector 1986 by the SICAPO collaboration # to

silcon ahievthe, mnaimue poss r build a prototype of an electromagneticshould achieve the maximum possible clrmtr1]
calorimetir [2).

area and several detectors should be Next section presents the fabrication
process and some aspects of the physics

A silicon radiation detector is of operation. Afterwards the

basically a planar p-i-n diode operated application in calorimetry is

in reverse bias. discussed.

0 Universities of Hamburg, McGill, TelAviv, and Italian Institute for Nuclear
Physics INFN (Genoa, Florence, Milan, Trieste).
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2. FABRICATION TECHNOLOGY AND OPERATION phic process. A last optional step, the

The starting material for detectors passivation coating, is performed only

fabrication Is high resistivity single when full environmental protection of

crystal silicon. It is usually the detector is required. The

available from silicon suppliers as a passlvation coating Is a layer of

by-product of the material used by the polyimide resin, which covers both the

power devices industry. Common silicon dioxide and, apart the contact

specifications are float-zoned region, the metallized surface of the

crystals, (Ill) oriented, n-type detector front. Fig. I shows a picture

(neutron transmutation doped, in some of a finished detector. In this work a

cases). Up to now however, owing to a geometry with two detectors with a

marginal interest of silicon suppliers trapezoidal shape and 27 cm2  of

in the detectors business, no deep implantation area have been realized on

understanding of the crystal growth wafers 100 mm in diameter and 400 em i

parameters affecting the detector thick.

performances exists, and a "detector

grade silicon" cannot be specified.

In this work silicon wafers 100 mm

in diameter and 400 tm thick have been

used. The first step in the fabrication

process is the growth of a layer of

silicon dioxide I m thick, performed FIGURE I

in a standard furnace in steam and

chlorine atmosphere at a temperature in Cross sectional view of a finished

the range 950-1050 C. This oxide layer detector.

is used as a mask for the subsequent

ion implantation of the p+ anode The active area is extended laterally

region. To this purpose windows are beyond the implanted area owing to the

opened in the oxide to define the junction curvature at the edge. This

geometry of the detector with a extended active area, AE, is to a first

standard photolitographic process. approximation, proportional to the

Boron ion implantation on the detector depleted region Xd [cm]8

front and phosphorus implantation on

the back are carried out to obtain the AE - AXdP (cm2]

p+-n-n+ structure. In both cases low where P is the juntion perimeter in cm
energy implants (20-40 keY) are used and A is the ratio between the lateral

with a total dose in the range extensionof the active area and the
1xI0 1 4-1 xlO 5  cm- 2 . An annealing depleted layer width. The detector

process at 600 C is performed in order capacitance is

to reconstruct the crystal lattice

removing the damage produced by the Co - 1.0359C(Aj+AE)/Xdl [pF3

implantation process. Aluminum is then where Aj is the junction area in cm2 .

evaporated on the two sides of the For n-type bulk silicon the extension

silicon wafer and patterned on the~of the depleted layer is

front, according to the detector

geometry, with a second photolitogra- Xd - 0.529x10-4 Vr/p(V+gB)] Ccm]
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where p it the detector resistivity in 4-

ohm.cm, Ve is the built-in voltage, and 3 I

V Is the reverse bias voltage. From the

proceeding equations one obtains 2

CI - I.956x10 4 (Aj/NrP(V+VB ) 1)+ I
+1.0359 PA CpF]

where 1.0359 PA is the correction to 0 so 100 ISO 200

the standard formula of CD . This term, ROvwvoltal, (Y)

is found to be small (less than 1) C2). FIGURE 2
Leakage current in reverse biased

Fig. 2 shows the leakage current as a detectors. The curves refer to

function of the externally applied different devices in the same process
batch.

voltage for different detectors of the 14

same process batch. The implantation

doses and energies were in this case

xlO 4cm- 2 and 40 keY both for boron 12

and phosphorus. Fig. 3 shows the

capacitance us. the applied voltage in

the form 1/C 2 . Again curves of

different detectors in the same process e

batch are reported. 1f the correction
Efactor in the relation defining CD is 6

neglected, for non full depletion

conditions the 1/C 2 vs. V relationship4
is given by

1/C2 - P(V+VB ) C l /( l . 958xlO1 4 Aj )l ]  2

The slope of the curve is then

propo.-tional to the resistivity of the 0 ---- 7---T -__ II_1_1
0 50 100 150 20

bulk material. The point beyond which ,Os Vota" V)

saturation occurs gives the voltage at

which full depletion is achieved. As FIGURE 3
Capacitance-voltage relationship for

can be seen a relatively large the same detectors of Fig. 2.

variation of the bulk resistivity of
FullI depl. Leakage cur - Si bulk

silicon is found. This brings about a Sample voltage rent at FD resistivity

corresponding variation in the voltage no. (Y) (IJA) (0cm)
to be applied to reach full depletion. 1 122 18 468
Table I gives the full depletion 3 100 1.6 5.69

voltage values and the corresponding 8 76 1.3 7.52

leakage current, together with the 12 101 1.7 5.65

computed values of the silicon bulk 16 111 1.7 5.17

resistivity of the detectors considered 17 95 1.5 5.99

here. Relatively low resistivity 1 If 1.7 5.17

material Is expected to have better 23 71______0

performances than high resistivity TABLE I

material aboye all with regard to Essential characteristics of the
detectors shown in the preceeding

radiation damage effects E33. figures.
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t4
3. APPLICATIONS TO CALORIMETRY are brought to an external fan-out,

In calorimetric measurements per- which can be either a standard

formed In high-energy physics the connector or a flexible capton cable.

energy of the incident particles must

be evaluated. To this purpose a silicon 4. CONCLUSIONS

calorimeter consists essentially in a Large-area p-i-n diodes fabricated

sandwich of active sampling planes on high resitivity silicon wafers have

(silicon p-i-n diodes) and layers of a been used as particle detectors in a

high atomic number passive absorber prototype of an electromagnetic

(usually uranium or tungsten). calorimeter tested at CERN. In order to

According to the kind of particles to enable the use of silicon detectors for

be detected, calorimeters are referred hadron calorimeters, mosaic modules

to as electromagnetic and hadronic. The consisting of 18 trapezoidal detectors,

first ones are specially designed to with an active area of 27 cm 2 each,

detect leptons and electromagnetic were developed, assembled and tested.

radiation, while the second ones are In the performed investigations no

dedicated to hadron identification. The physical deterioration was observed in

purpose of the development of the the detector characteristics. The

detectors presented in this work is to results obtained confirm that silicon

build a full hadronic calorimeter as a sampling calorimeters can fullfill the

test equipment to evaluate the requirements of linearity, granularity,

feasibility of large scale compactness, long-time stability and

applications. Currently a prototype of reliability needed in colliding beam

a Si/U calorimeter is in an advanced machines experiments [2,5].

stage of development. It will consist

of 20 silicon mosaic planes with an ACKNOWLEDGEMENTS

active area of about 500 cm 2 per mosaic The authors are greatly indebted to

containing 18 trapezoidal detectors Dr. P.O. Rancoita of INFN for all the

each. These planes are interspaced with experimental work done on measurement

layers of uranium 5 mm thick. It is and application of detectors.

planned by the SICAPO collaboration to

develop a full Si/U calorimeter, REFERENCES

consisting of 130 silicon sampling 113 Rancoita, P.O., Journal of Physics

planes (for a total active area of (1984) 299.

about 6.5 m2 ). A silicon sampling plane 23 Rancoita, P.., and Seidan, A.,

is made of 18 trapezoidal detectors CERN Report EP/86-113 (1986)

(4]. These modules are built using two
(3) Borgiaud, P., McEwen, J.G.,

fiberglass sheets in order to sustain Rancoita, P.O., and Seidman, A.,

mechanically the detectors and to bring Nucl.Instr. and Meth. A (1983) 211.

the electrical connections to both £43 Pensotti, S., Rancoita, P.O.,

their Se I dian, A., Vismara, L., and
Zambelli, M., CERN Report iP/86-103

Junction and rear sides. The detectors (1986).

are attached to the fiberglass sheets
(53 Barbiellini, G., Cecchet, G.,

by silicon rubber and electrically Hemery, J.Y., Limeilleur, F.,

connected to the metal paths by Leroy, C., Levman, G., Rancoita,
cP.O., and Seidman, A., Nucl. I.-tr.
conductive epoxy resin. The contacts and Meth. A (1985) 316.
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A MAGNKTIC FIELD SOOR USING A GRADED GATE POTENTIAL

B. S. Gill and E.L. Heasell.

Department of Electrical Engineering,
University of Waterloo,

Waterloo, Ontario,
Canada. N2L 301

mvConvendtal, split-drain MAGFETs have a relatively low sesitlvity. The low send-
tivity can be atrbut to properties Inherent to the traditional FET structure. A
novel device structure, designed to overcome these shortcomngs, Is presented. In
this device the gate voltage varies linearly along the gate. Measured sensitivities for
both dual-drain and triple-drain devices are reported. The performance of the device
s superior to that of the conventional MAGFET devices.

1. INTRODUCTION be made almost constant, at a value set by the dif-

A variety of semiconductor, magnetic-field ferential gate bias.

sensors have been described in the literature. Carrier collection is performed by long, lateral

Baltes [1] has given a recent, comprehensive drain contacts, disposed symmetrically at the sides

review of such devices, of the channel. In some devices a third drain is

Sensors fabricated using standard, silicon pro- added to collect un-deflected carriers.

cessing are attractive since they would permit the In the two-drain devices, the lateral drain dif-

incorporation of ancillary circuitry on the chip. fusions are reverse biased to a potential greater

MOSFET devices appear to offer the advan- than that at any point along the channel. Charge

tage of thin, conducting channel regions, in which accumulation, at the edge of the channel, is

a larger Hall effect might be anticipated. How- prevented, no Hall field is established, and carriers

ever, the Lorentz force is a function of carrier are collected over a significant fraction of the

velocity rather than the actual channel thickness. channel.

In the split-drain MAGFET [2], [31 carrier redistri- We present results on both dual-drain and

bution can occur only in the immediate vicinity of triple-drain Graded-gate (OFET) structures. Sen-

the drains. In the channel a uniform Hall field sitivities observed for these devices are significantly

requires zero space-charge. In the drain region the better, than those for corresponding MAGFET
effect of velocity saturation reduces the Hall angle devices.
and degrades the redistribution of channel current.

In an attempt to overcome some of these 2. DEVICE GEOMETRY

disadvantages we have fabricated MOSFET-like A layout for a typical GFET structure is

structures having a resistive gate (undoped poly- shown in Figure 1. The drain contacts are located

silicon), with ohmic end contacts. A bias is along the channel; this increases the area over

applied scam the gate, creating a uniform, aldin8 which carrier collection can take place and
field along the channel. Simple device theory prevents the development of the Hall field (i.e.,

shows that the electric field along the channel can the device is based purely on carrier deflection).
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poly, while:h nso h poly were doped to pro-
vide ohmic end-contacts. The devices had a thres-

hold voltage of 0.6V and an oxide thickness of

825A.

OU d st 4. DEVICE PERFORMANCE

LC The application of a magnetic field perpendic-
ular to the current flow produces an imbalance in
the two drain currents. This assymetry in the

S ,Cord=t drain currents provides a measure of the strength
of the magnetic field. In Figure 2, we plot the
relative current imbalance AI 1Is as a function
of the magnetic field for various values of the dif-
ferential gate-bias AV.. The geometry of this
GFET is W - 2pm , L - 40pAm, and

Lc - 601on. The current imbalance is linear in
B , allowing for experimental error and the influ-
ence of noise.

Figure 1. Typical layout of the Graded-gate FET.

There is a diffused gate-contact at each end of the

device, with undoped polysilicon forming most of
the gate. By biasing the gate contacts separately lo0-
the resulting voltage gradient along the gate pro-
duces a more uniform longitudinal electric field
along the entire length of the channel. -200 -I1 100 200

The width of the device W is taken as the -500 B. [Gauss]

minimum width of the channel, and the length L -i000.
is defined to be the minimum length the carriers
must traverse to be collected by one of the lateral
dramis. We introduce another parameter for this
device LC , the length in the channel direction over ....
which the collection of the carriers can take place. SYMBOL -AV, -VX -Vs. SENSITIVITY

[V ]A [n'AT3. DEVICE FABRICATION [ 0 373

Fabrication of the devices was carried out on o 5 45.5
<100> p-type substrate with a resistivity of 0 10 54.5
lflcm. As we required the polysilicon over most x 15 91.5
of the channel to remain undoped, a standard
NMOS pronss could not be used. The + soure Figur 2. Measured response of the GFET to an
and drain diffusions were performed prior to the applied magnetic field with a positive voltage gradient
deposition of the gate-polysilicon. An extra mask (i.e., AV, 0 0) along the gate (V, -20V and
level was required to mask the majority of the Vo I-Vo 2-20V).
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In all sensor ther exists an offset signal, i.e., From Figure 3, we observe that the sensitivity

a current imbalance in the absence of a magnetic improves considerably as we increase AV, (for

field. This can be attributed to manufacturing AVl >0) and remains fairly constant for
defects. To facillitate comparison, this offset signal AVS < 0. The maximum measured sensitivity

has been removed in Figure 2. was five times larger than that obtainable with

The relative sensitivity of the devices is Av s -0.

defined as: Triple drain GFET structures were also con-
I ID 2- ID sidered. The aim in these devices was to collect

S, - B ID 2+ID the undeftected carriers in the central drain. The

measured response of a triple drain structure

ID I and ID 2 are the currents in each of the lateral operated with AV, - 0 is shown in Figure 4. The
drains. From the table in Figure 2 we see that the geometry of this device is similar to the dual-drain

sensitivity of the GFET increases with increasing device of Figure 2; the distance from the source to

gate-voltage gradient. In Figure 3 we plot the sen- the center drain was 140#m. The bias on the
sitivity of the GFET as a function of the differen- lateral drains is intermediate, between the source

tial bias on the gate: AV, = Vs, - Vs. Vs, and and centre-drain potential. The lateral drain diffu-

Vs, respectively denote the gate voltage at the sions act as collectors, close to the source end of

drain end and the source end of the channel. Both the channel and as sources, close to the drain end.

positive (i.e., AV >0) and negative (i.e., Extremely high sensitivities are observed in the

AV < 0) gate-voltage gradients were considered.
For AV s  0, Vs, was fixed at 20V and V, was

varied from 20V down to ! V. Similarly, for

AV 0, Vs, was fixed at 20V and Vs, was too

varied from 19V down to -IV[.

Sensitivity (mA/ATI -200 100 100 20

-so0

1250

100-

75.
LEGEND

50 SYMBOL VD I VD 2 SENSITIVITY

IV' j iI j[mA AT]I
0 0.998 0.991 2,330
0_ 0.940 0.933 3,480

-20 -15 -10 -5 0 5 10 15 20 o 0.961 0.953 66,100

&vs [V]
Figure 4. Experimental data for the triple-drain

r s vGFET with AV, -0 (Vs - Vs. -5V),

Figure 3. Detailed plot of the relative sensitivity of VD I VD 2 " 1V , and VDw"d9 - 5V . The
the GFET as a function of the gate-voltage gradient, extremeley high sensitivities are achieved as a result
AV s .V - Vs. of the central drain collecting the undeflected current.
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* three-drain devices. However, this is achieved at the Hall field. The sensitivity of these devices
the expense of great difficulty in establishing hal- increased with increasing postive gate-voltage gra-

anced current between the lateral drains. This dient. Negative gate voltage gradients neither sig-
makes the triple-drain GFET structures impractical nificantly enhanced or degraded the magnetic sen-
in the present form. sitivity.

5. CONCLUSIONS REFERENCES
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NUMERICAL MODELLING OF MAGNETIC FIELD SENSITIVE MOSFET

Ho Yie Wei Tongli &Shen Kechang

Microelectronics Center
Nanjing Institute of Technology, China

Abstract-A two dimensional numerical modelling of Magnetic-Field-Sensitive
MOSFET (MAGFET) is presented and has a small computation cost. The whole
operation region of MAGFET is divided into two parts (normal and subth-
reshold region) and numerically simulated respectively. A conclusion which
MAGFET has highest sensitivity when W/L=0.8 is obtained and is verified by
experiment.

1. INTRODUCTION linear partial differential equation

Along with the rapid progress of system is simplified into a Laplace's

microelectronics industry, semiconductor equation in normal region and is numer-

sensor plays more and more important ically solved. In subthreshold region,

role in many fields. As an entrance tr- the decoupled solution method is still

ansducer that converts the magnetic employed.

field into an electric signal, the

Magnetic-Field-Sensitive MOSFET (MAGFET) 2. MODEL AND NUMERICAL ALGORITHM

offers advantages of high sensitivity, 2.1. Subthreshold Region

lower power dissipation and compatibility The structure of n-channel MAGFET

with an advanced standard MOS or CMOS is shown In Fig.1. It has a split-drain

IC technology. In view of that MAGFET structure. The z-axis is assumed to be

is governed by the complexity of the in- parallel to the magnetic induction B

teraction of semiconductor bulk effect (see Fig.2), viz., the magio. field

with boundary conditions and magnetic is perpendicular to the device surface.

field. A two dimensional numerical

modelling of MAGFET is required to an-

alyze the device multidimensional effect, source gate drain

As it is known, the general approach

of solving the nonlinear system of par-
x

tial differential equation in semicon-

ductor is coupled or decoupled solution

method. In comparlsion with coupled ap-

proach, the decoupled approach requires , P

much less computer memory. In view of W

that, the decoupled solution method is

used. Furthermore, in the numerical Fig.1 Structure of MAGFET

modelling of MAGPET, the CPU time requi-

red by decoupled approach nearly is an Then the distribution of carrier and

exponential function of bias voltage electric potential in the device depend

when gate bias exceeds the threshold only on x and y.

voltage. To avoid the trouble, the non-
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w-d w-d I

l iondrain mopn u to2 i6)

0 ( p -n N N0 (7)

i " #=VA+ KT sinh- 1-2 i (8)

? source

Along the other Insulated efloating

boundaries the following cndion is
adopted.

Fig.2 Geometry af the Simulated
Device n 

=
0 (9)

The model equation In semiconductor is

I V  
rj+= (1)10

-i,-R ()r (p -n + N) =0 (11)

r R. i n-R= ba t where is the normal to the boundary.

The partial differential equation (l)-

Sratin repectiela(5) and the boundary condition (6)-(ne)

aare discretized using the generalized
i Scharfetter-Gummel scheme discussed in

where R is the bulk recombination rate, [1]. Then, a decoupled iteration proc-

SN is the Ionized not doping density. n edure Is implemented, which treats the

and p are the electron and hole concen- continuity equation and Poisson's equ-

tration respectively. In a stationary ation separately.

and not too large magnetic field, the 2.2. Normal Region

current density equation reads as fol- In normal operation region, neglect-

lows ing the hole current and electron dif-

fusion current, the current continuity

Jn=q(unnE + DnVn) -un(Jnx B) (4) equation is converted into

-(JpXB) (5) divgrad U(x y) = 0 (12)p~q pE -pp) +p

where unand upare electron and hole dr- where

ift mobility respectively. Dnand Dp are 2

the corresponding diffusion coefficient U(xy)=Cox(VFB4 .F 2

respectively. u=1.9Zu is the Hall mo- 
2+ 1 (2 i*+9I~ B /

bility. Along the metal contact boundar- + (2SsNAa* +
4 Ss(NAq *B  13)

ies, the value of n, p and * are given 34siNAq

by infinite recombination rate, charge

neutrality and applied voltage VA, that here C is the gate oxide capacitor
ox
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per unit area., the Fermi potential, ction of ratio (W/L) in Fig. 3. It in-

NA the bulk doping density, VFB the dicates that the ratio (W/L) of 0.8
flatband voltage. At metal contact gives the highest sensitivity.

boundaries, U is known
-I

S(Xlo

U = U *= VA (14) 0.4

The current equation simply becomes

0.3-

J=ugrad U +u*B x Y (15)

0.2

where J is the current density j in-
n

tegrated with respect to z over appro-

priate thickness.
2 ] 

At the insulated 0. 0:5 1 1.5 2 1/(W/L)

"floating* boundaries, the current nor- Fig.3 Sensitivity of MAGFET

mal to the surface must vanish, viz. varies with (W/L)

W=281Lm, t ox=1200A, B =1T,

(r+u*Bx 7) grad U = 0 (16) N A=5X0
1

cN
- 3 ,

cmVDl=VD2= 1VVG=SV

The partial differential equation S(X10-
1
)

and the corresponding boundary described C.6. /.

above are discretized and numerically 4 W/L

solved using Stone's iteration method!
3 1  

0.4

Also, setting

0.2 w

VG=VD + V FB + 2* B  
. . . .2.8

_______(28qNA VD+4 1/2 -1 -0.5 0.5 1 B(T)

Cox (17)

the numerical solution of MAGFET in -0.4 d=8pm

linear region is extended to the satur- L=28pm

ation region. -0.6

Fig.4 The device sensitivity varies

3. RESULTS AN DISCUSSIONS with B for various aspect ratio W/L

The parameter of fabricated MAGFET

device is shown in the caption of Fig.3. As shown in Fig.4, the curves of

The drain separation of d is 8 Rm. The measured device sensitivity versus mag-

discretization Is implemented on a non- netic field for various aspect ratio of

uniform rectangular grid of 30 x30 nodes. W/L are plotted. Among the devices which

As usual, the sensitivity S of a split- aspect ratio is 1. 1.4, 1.5, 2.8, resp-

drain MAGFET device is defined by the ectively, the aspect ratio near 0.8

relative current imbalance in the two (W/L=l) has the highest sensitivity. It
drains S = (I1-12)I(1+12). The numer- supports the numerical results.

ical results of S are plotted as a fun- On the other hand, focusing attention
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on the computation efficiency. the num- 1212.

j erical modelling of MAGFET presented 3. H.L. Stone, SIAM J.Num. Anal,,

here is more attractive for a signific- vol.5 (1968) 530

ant CPU time and computer memory saving

capability. A set of typical curves of

CPU time versus gate bias for various

split-drain bias VD is illustrated in

Fig.5.

Cprr t ime (hr.)

102 u B=0.2 
5.

i~ /b2.5

S101 0D .5

a 5
100 R

I 0.5

0 1V T 2 3 VG(V)

Fig.5 CPU time versus VG for various

VD (on IBM PC/XT)
a. present method

b. decouped approach

4. CONCLUSIONS

In this paper,, Magnetic-Field-Sensi-

tive MOS device (split-drain MOSFET) is

analyzed with computer. A two dimens-

ional numerical simulation of the device

is presented in subthreshold and normal

region with different model equation.

The computation cost is efficiently cut.

The theoretical results show that the

device of aspect ratio of 0.8 has the

highest sensitivity. The experiment are

in good support of that.
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RESEARCH ON THE GROWTH CONDITION OF CdTe SINGLE CRYSTAL FOR y-RAY DETECTOR

KATSUMI MOCHIZUKI and KATASHI MASUMOTO

Department of Materials Science, Faculty of Engineering,
Tohoku University, Aoba, Aramaki, Sendai, Japan

CdTe single crystals were grown by the Bridgman method from Te excess solution with a molar
ratio of Cd/Te-3/7 and halogens were added to the solution for compensating acceptor center
due to cadmium vacancies(V Cd). Photoluiinescence(PL) and electrical resistivity of the
crystals grown under various conditions were measured for examining the incorporation of
halogens and its comrFnsation state. It was fouad that thq halogen was incorporated in
order from fluorine(F) to iodine(I). Halogen donors(D) incorporated under a growth rate
of 6 um/day and a temperature gradient(AT/AX) of 20 K/cm form preferentially acceptor
complex center(Vcd.D) and this leads the crystal to p-type conductivity with unsatisfactory

compensation. On the contrary, the donors incorporated under the growth rate of 72 mm/day
(or steep temperature gradient) made the crystals into n-type high resistivity with enough
compensation. Good y-ray response was obtaiKed only for the crystals with enough compen-
sation. Therefore, relatively rapid growth or the growth under steep temperature gradient
is required for realizing CdTe y-ray detector.

1. INTRODUCTION

The properties of doped crystals grown under
CdTe is known as one of the candidate a- various growth conditions were characterized by

terials for solid-state nuclear detectors oper-~the measurements of photoluminescence(PL) and
ative at room-temperaturell,23. So far, the electrical resistivity and an indispensable
main method to grow CdTe single crystal for y- growth condition for realizing CdTe y-ray de-

ray detector was from Te solvent which did ex-
tector is discussed.

tract most of impurities[l-4]. However,

crystallization from an excess Te solution has 2. EXPERIMENTAL PROCEDURES
also the disadvantage of introducing a native 2.1. Growth of Halogen-doped CdTe Single

defect such as cadmium vacancies(V Cd) in the Crystals

grown crystals which reduce the electrical Cd with nominal purity of more than 6resistivity 7remarkably . As a very high re- n n s a d T i h t a f 6 n n s w r s d a
sistance(lO ohm.cm) is usually required for thestangCd~esinle rysalsusedas y-ay etetor the starting material for preparing CdTe single
CdTe single crystals used as a y-ray detector crystals. The elements with a molar ratio oft23,teaoedmrthst eaoddby Cd/Te.3/7 and their total moles of 0.17 were[2,31, the above demerit has to be avoided b

iC/e/ aoondodn thei etecrica molesenf0a17wn.
donor-doping for electrical compensation. introduced into a carbon-coated quartz tube,! Indium(In) and chlorine(Cl) have been usedpreiusly an corneaCio ae been together with one of the halogens of the amount

30 or 300 ppm per total weight and the tube was

semi-insulating materials[3,4]. However, the sealed at he vacuum of l.3x10 4Pa. The
possibility or usefulness of other halogens and halogens were added in the form of cadmium

the growth condition for obtaining optimum hal ies such a sded in e form (4 i s
compensation state have not been discussed in halides such as 2 nines), CDCI2(4 nines)

detail. In this study, CdTe single crystals nd CdI2(4 nines). The sealed tube was put in
a Bridgman furnace and the experiments forwere grown by the Bridgman method and halogens

such as F, Cl, I were added to the solution as un tmeaue ralere frm1t
under temperature gradient(AT/AX) from 10 to

a donor dopant for electrical compensation.
50 K/cm and the growth rate from 6 to 72
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l-/day. Undoped CdTe single crystals were also WC_:T_-: _ _ _r_

grown from the melt with the composition of 5 Z

excess Te and from a Te excess solution with a

molar ratio of Cd/Te,3/7.

2,2. Photoltminescence(PL) and Electrical I va

Conductivity Measurements c€:ro.s:

Small samples about the size of lx2x4 ..M 3d .s r

which were cleaved from the grown crystals, Z_ -" ' ' " /

were used for both experiments. PL spectra ) r:-3:7"

were measured at 4.2 K using He-Ne laser I "by

(632.8 as) with 2 miW and 2 a# beam as the ex- A . \_ _

citing source. The detection system consists C:T.63:7

of a grating monochrometer(Nippon Bunko CT-50), a rnm ")

a photomultiplier, a lock-in amplifier and a Xs

recorder. The spectral resolution of the lumi- 135 1.40 W L5 L55 t60 145
PHOTON ENERGY(*V)

nascence is about 0.2 nm. The electrical con-

ductivity was measured by a two-probe method. FIGURE 1

Au, decomposed from a chlorine solution, was de- PL spectra at 4.2 K for undoped and halogen-

posited on the cleaved and unetched faces of doped CdTe

the samples with a thickness of about 1 --e and

was used as the electrodes. tation with primes such as X'-X"' shows phonon

replicas of the X peak[6,11]. From figure 1,

3. RESULTS the following characteristics were observed;

Figure 1 shows PL spectra at 4.2 K of an (1) In the case of F-doped, PL spectrum does

undoped crystal grown from the melt with 5 % not change much compared with that of an

excess Te composition and of the crystals grown undoped crystal, though C and D peaks become

from a Te excess solution with a molar ratio of obvious. (2) In the case of Cl and I-doped,

Cd/Te-3/7 and with halogens of 300 ppm per excitonic emission AOX disappears and only the

total weight. The growth experiments were X peak is observed. The PL spectra shown in

performed under the growth rate of 6 to 8 figure 1 are the cases of the crystals grown

m/day and temperature gradient(AT/AX)=20 K/cm. under a growth rate of 6 to 8 .-./day. On the
It is known from figure l(a) that the PL other hand, a typical spectrum of the sample

spectrum consists of band edge-emission such as grown under relatively high growth rate such as

A*X and D*X, weak B and C peaks near 1.55 eV 72 mm/day is shown in figure 2. This is the

and X peak series X-X"" at about 1.45 eV. A*X case of 300 ppm-doping of Cl. From the figure,

(1.5896 eV) and DOX(l.5945 eV) are known as excitonic emissions A°X and DoX were both

radiative emissions of excitons bound to a observed with the same emission intensity and

neutral acceptor and a donor respectively[2,5- this is quite different from the spectrum for

8]. The peak similar to B(1.553 eV) and C( the same doping case shown in figure 1.

1.548 eV) have been reported[2,7] and these are This result suggests that the growth rate

probably due to radiative recombination of strongly affects the crystal properties.

donor-acceptor(D-A) pairs. It is well-known Figure 3 shows the electrical resistivity at

especially for X peak(l.475 eV) that it is due room temperature of the samples doped with

to D-A pair between an isolated donor(D
+
) and halogens. It is clear that the resistivity of

a complex acceptor(VCdD)- (9,101. The no- the sample doped with F is almost the same as
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that of an undoped one. The samples doved with
Cl show the higher resistivity than others and a-dMV3OW4

, , Om "

the highest one is obtained for the sample

grown under growth rate of 72 ml/day. The qn

resistivity for the case of T-doped is lower T 0

than that of Cl-doped. The sample with the V

highest resistivity showed n-type, but the , -

others were p-type.

Figure 4 shows the electrical conductivity

of samples doped with Cl of 300 ppm as a

:- Electrical conductivities of samples grown
C under 300 ppa Cl-doped as a function of

temperature
tI Ls 0 t4 tIC 56 160 t65 ass t

PHOTON ENtAV (iv)

FIGURE 2 Cie (¢lWoop

PL spectra at 4.2 K for Cl-doped CdTe crystal v.-GOv
grown under growth rate of 72 ma/day

m e d )Cd:Te~z :0 10 n
A ufldoped (an

Cd:T*.3;7

O30 r dap d-emmay)

a300 Indq K"6.mmmay ), "

MoPpm, .S ...
(72mamLfy) 0. FUU.L2K

o...

E

1 0
0,6 P

a Charnel Number

7 (a
FIGURE 5

y-ray spectrum of 241Am source detected with
290 K CdTe(Cl,300 ppm doped) detector at room

temperature
u-#Pe F C

FIGURE 3
i athe case of 300 ppm F and I doped, shallow

erof samples doped with halogens levels such as 0.18, 0.21, 0.28 and 0.37 eV were

observed, suggesting unsatisfactory compen-

function of temperatures. This suggests that sation. Even under a growth rate of 6 ma/day,

deep levels which locate near the center of extremely high resistivity crystals were also

the band gap dominate the conductivity. In grown under high temperature gradient(AT/AX).
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Good y-ray responso was obtained only for the preferentially form the acceptor complex center

samples with extremely high resistivity due to (V-.D ). That is, the more halogens are in-

enough compensation. Figure 5 shows a typical corporated, the more complex centers are formed.

y-ray spectrum of 241Am obtained for such CdTe On the other hand, as seen in figure 2 and 3,
detector. A photopeak with NUN of 8.2 keV was the crystals grown under growth rate of

clearly observed. The solid line in the 72 am/day show n-type high resistivity and

figure shows the peak shape calculated by excitonic emissions recover. This suggests

assuming a Gaussian distribution. A tail is that an ideal compensation state is realized

observed at the low energy side of the without forming preferentially a complex center.

photopeak, suggesting hole trapping. This should be the case in the situation that

rapid growth prevents the incorporated halogens

4. DISCUSSION from diffusing to VCd site and increases the

For the single crystals grown under growth isolated donor concentration.

rate of 6 to 8 ma/day and temperature gradient

(ATAX) of 10 to 20 K/cm, the incorporation 5. CONCLUSION

and the behavior of halogens in the crystal are CdTe single crystals were grown by the

deduced as follows. In the case of F, PL Bridgman method from Te excess solution with

spectrum and electrical resistivity are halogens as a donor. The crystals with ex-

unchanged from those of an undoped crystal. tremely high resistivity were grown under

This suggests that the incorporation of F is relatively high growth rate(or high tempera-

very little and should be the same order or ture gradient) and it was concluded that the

less than the concentration of native defect growth condition is indispensable for realizing

such as V . On the contrary, in the cases of y-ray detector.
Cd

Cl and I, as seen in figure 1, PL spectra are

quite different from those of an undoped one REFERENCES
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Yoichi Akasaka

Mitsubishi Electric Corp., LSI R&D Laboratory,
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664, Japan

VLSI will be reaching to the limit of minimization in the 1990s, and after that, further
increase of packing density or functions might depend on the vertical integration tech-
nology and wafer scale integration. The 3-D ICs consisting of completely stacked active
layers offers the flexibility of circuit design and composition of various devices.
Three-dimensional (3-D) integration is expected to provide several advantages, such as 1)
parallel processing, 2) high-sp!ed operation, 3) high packing density, and 4) multi-
functional operation.
This will lead upto new system design and the novel functional device. It will become a
big trend for VLSI in the next generation.

INTRODUCTION capacitor cell, has been tried. This partial

The ultimate IC structure.of the future is 3-D structure will be used in 2-D VLSIs within

thought to consist of stacked active IC layers a few years.

sandwiched by insulating materials or wafer To achieve a breakthrough in the packing

sale integration, density of advanced VLSIs, it is reasonable to
Various devices or circuit functions, such consider a 3-D structure, containing either

as photosensors, logic circuits, memories, and partially or completely stacked active layers.

CPUs, will be arranged in each active layer and, Basic technologies of 3-D IC are to fabri-

j as a result, a remarkable improvement in packing cate SOI layers and to stack them monolithical-

a density and functional performance will be re- ly. Crystalinity of the recrystallized layer

alized. in SO has increasingly become better, and very

In 1979, it was reported that polysilicon recently crystal axis controlled, defect-free

deposited on insulator can be melted and recry- single-crystal area has been obtained in chir

stalized by laser irradiation (1) and that the size level by laser recrystallization techno-

crystal perfection of the layer can be adequate logy.

to allow the fabrication of devices. Some basic functional medels showing the

The quality of the recrystallized layer can concept or image of a future 3-D IC were fabr.-

be characterized by carrier mobility. The cated in two or three stacked active layers.

electron mobility reported so far has increased Some other proposals of subsystems in the

year by year and has attained a value compara- application of 3-D structure, and the technical

ble to bulk crystals. This improvement was a issues for realizing practical 3-D IC, i.e.,

trigger for starting research and development the technology for fabricating high-quality SOI

of 3-D ICe. crystal on complicated surface topology, cross-

A partial 3-D structure has already been talk of the signals between the stacked layers, r

tried for a dynamic memory (DRAM) cell .2 , 3), total power consumption and caoling of the chip,

For high-density RAMs, such as the 4-M bit DRAM, will also be discussed in this paper.

the area of the memory cell capacitor is limited,

so in order to increase the cell capacitance, a 3-D IC STRUCTURE

3-D structure, i.e., a trench cell or a stacked Fig. 1 shows a typical basic structure of
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3-D devices proposed by several researchers, have one set of 1/O circuits in comvn.

Fig.l(a) is a flip-chip, which is an attempt (2) High speed performance of 3-D ICs is asso-

to realize the stacked 3-D form by chip assemb- ciated with shorter interconnection delay time

ly technology. This technology has already and decrease of parasitic capacitance due to
tibeen used in computers as a connection between the use of SOX structure.

a group of single chips and a printed circuit (3) Parallel processing is one of the special

board. In this technology, the number of con- features of the 3-D IC. Widely different large

nections are restricted by reliability and bump number of information signals could be trans-

size constraints. Fig.l(b) shows a new ap- ferred from upper to bottom layers, or vice-

proach based on wafer Rrocess technology. The versa through via-holes with 1-2 im diameter.

chips are attached fac-to-face by pressure (4) Multi-function is also one of the special

4). The minimum connection area is 101m 2 , features of the 3-D IC. Each layer, or a set

which is large compared with the device of several layers can have their own functional

feature size (1-2 pm), but the number of con- perforance. Also at the device level, differ-

nections will be greatly increased by this te- ent performances, MOS and bipolar, and fiffer-

chnology. Fig. l(c) and (d) shows a monolithic ent characteristics caused by different process

3-D structure. At first, the passive elements, technologies can be assigned to each desired

such as the DRAM-cell capacitor or the load re- active layer. It will be possible to make use

sistor of a SRAM, will be stacked three-dimen- of these advantages for system design.

sionally similarly to the multilevel intercon-

nections of today's LSIs. Fig.l(c) shows 3-D BASIC TECHNOLOGIES

integration performed at the transistor level (1) SOI Technology

(5). Load transistors of a CNOS inverter of a The basic technology for 3-D ICs is to form

CHOS static RAM cell are fabricated in the a silicon-on-insulating (SOI) layer, and to

upper layer to form a partial 3-D structure. stack it monolithicaly. Recrystallization of

The first 3-D IC which has active elements or a polysilicon film by laser- or electron-beam

uses single-crystal material in the stacked is thought to be the most suitable method be-

layer may have the configuration shown in Fig. cause the wafer temperature during crystalliza-

l(c). Fig.l(d) shows the stacked form of LSI tion is kept low, and this leads to the good

layers in a complete 3-D structure, which is stability of the underlying device performance.

also a final goal of the 3-D Project in Japan. The basic concept in the laser-recrystalli-

In this structure, the degree of freedom in zation [7) of the partially restricted active

circuit or system design circuit layout, and area is to control the temperature profile in

the reliability of the interconnections are the polysilicon layer like twin peaks or peri-

expected to be very high. This paper will odic profile C 8, 9) as shown in Fig. 2. The

discuss mainly the trends in the 3-) crystallization proceeds from one nuclei of

structure shown in Fig.l(d). polysilicon along the desired direction.

Fig.3 summnarizes specific methods of realiz-

FEATURE OF 3- IC ing the preferable thermal profile in the mol-

The advantageous features expected for 3-D ten zone of the polysilicon:

IC as shown in Fig.l(d) are follows t6);

(1) High packing density, or super large inte- a; shaping the intensity profile in the laser

gration becomes -ossible without having a or electron beam itself;

serious problem about power dissipation. Be- b) obtaining a thermal profile by changing the

cause the multi-layer devices in 3-D IC can energy absorption characteristics by pat-
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terning the antireflecting thin film or The interconnsction material should be re-

absorption layer on the top of the poly- sistive to the heat cycle subjected in the

silicon; fabrication process steps for upper active

c) changing the heat transfer selectively by layers. Refractive metal or its silicide (13)

the material design of the ample structure. and phosphorus doped polysilicon (9) were cea-
mined.

Very recently, the fundamental relation

between the crystal quality of laser-recrystal- (4) Via-Holes

lized SOI and the crystallographic arrangement Via-Iioles with very high aspect ratio (i.e.

of growth front was studied C IO), and thereby 1 um diameter hole with the height of 2-3 urn)

the new technique for obtaining large single will be required. In addition to fine pattern-

crystal SOI. Figure 4 shows the length of the ing and etching, selective growth or deposition

single crystal regions from the seed edge of conductive materials in a via-hole is re-

versus laser scan direction. The schematic quired.

illustration of the sample structure and its

crystallographic arrangement based on a (001) (5) Low Temperature Process

Si seed is also shown in Fig.4, which is the Process temperature should be lowered to

combination of the lateral seeding technique avoid the redistribution of doping profiles in

(11 and use of the patterned antireflecting already finished devices in the bottom layer.

film [ 8.) to control the shapes of the liquid-

solid interfaces. In a <100> direction, single MULTI-LAYER STRUCTURE

crystal growth has reached to the chip end Up to the present, a few kinds of 3 levels

without any defects except the controlled sub- stacked structure have been reported. Figure

grainboundaries beneath the antireflecting 5 shows the SEM cross sectional view and a

stipes. schematic drawing of 3-level 3-D IC (2 levels

Electrical characteristics of MOS devices of SOI and one bulk-Si) (16). Each layer has

on this SO1 film and their uniformity through its own interconnection and can be operated

the wafer were extensively improved. The di- independently, and also electrically connected

vergence of the threshold voltage of MDSFET/ vertically with another layer through via-

SOI was reduced as below 8 Z, and was success- holes. Average surface electron nobilities

fully applied for fabricating a 4 bit CMtS obtained from 2nd and 3rd layers were close to

A/D converter which was the first analogue that of bulk-Si devices.

devices formed on SOI CL2, 13.

(2) Planarization Several small-scale test devices have been

Insulator surface of each active layer in fabricated to make clear the concept and the

the 3-0 structure should be planarized less future image of the 3-D IC. The image sensor

than +0.1 um accuracy for obtaining the high with a proper level of intelligeuce is one of

quality SOI film on it. Reflow of silicate the important target cf 3-D ICs, because it

glass (PSG or BPSG), sputter etching, (14) can make use of the feature of 3-D integration

spin-on-glass coating and etching back techni- and it will have extremely wide application

qua with organic resist material 15) have area.

been investigated. Based on state-of-art 3-D device technolo-

gies and on the concept of 3-D IC, the new

(3) Interconnection Material idea of the real time image processor was pro-
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posed as shown in Fig 6[17. The 6 layered devices is the same. It will become a problem

3-D LSI consists of 512-by-512 optical sensor, in ultra large scale integration. For example,

A/D converter, memory, switch matrix, accumula- the device containing 10 million elements, if

tor, and memory. The main function is the fea- each element dissipates 5 uW, dissipates 50 W.

ture extraction, in which a spatial convolution Therefore, an innovation of the packing tech-

of a 3-by-3 pixel kernel are performed for 512- nology will be required in future.

by-512 pixels. The system speed is estimated Signal cross talk will be more serious in

to become 10000 times over a conventional serial 3-D IC than 2-D VLSI, which includes the cases

processing by typical super-minicomputer, of DC back gate bias to back channel of SO1

Figure 7 shows one of the small-scall test transistors and high frequency operation of

devices for image signal processing fabricated the circuits (19). For high frequency opera-

in 3-stacked ICs. The first top layer contains tion, it has been investigated that signals of

5x5 image sensor pixcells. The 25 2-bit A/D two circuits arranged in a stacked from with

converters which are connected to corresponding up'er and lower layers affected each other, in

25 pixcells are fabricated in the 2nd layer. which one signal was superposed to another

This enables the parallel processing of the signals as a noise when two frequencies were

image signals. The 3rd layer consists of 32 far apart, and two signals were locked in the

kinds of ALU, each of which acts as an image same frequency when two frequencies became

signal processing, as feature extraction, noise close. It has been also reported that the

reduction or image enhancement etc. The per- cross talk depends on the structural parameters

formance of this system through 3 levels of IC as well as the layout and the performance of

is shown in Fig. 8. the devices. A shielding plate between upper

and lower devices may be necessary for prevent-
In addition to those synthetic function, ing the cross talk in 3-D structure.

there are some other proposals of application

with new concepts U8J. Those are a PLA by a SUllzARY

simple combination of AI- and OR-block pre- The 3-D IC is now in the early stage of

pared in top and bottom layers, respectively, a fundameital research. Extensive work is Etill

Logic-in-Hemory which assign the two-dimension- required in both process technology and archi-

ally accessed memory for video processing on tecture design of chip and system for realiz-

the top layer and the corresponding micro- ing the sophisticated 3-D IC. However, memory

processor on the bottom layer, and a CAM which or logic chip which has even 2 stacked layers

has the same configuration with logic-in-memory, is worthy for commercial use if it is produced

etc. at reasonable cost under the stable and relia-

ble fabrication technology. This may enhance

PRK)BLEM6 the 3-D IC development and push forward the

The problems which might be serious in time table for wide spread availability of

future 3-D devices were studied Lb0. 3-D ICs in more complicated multi-layer

Limiting factor of total power dissipation and structure.

heating of a chip is mainly the thermal resis-

tivity from inside the package to the outside ACKNOWLEDGEMENT

in 3-D structure as well as in 2-D VISI. Most data shown in this paper were obtain-

Therefore the problems of heating in 3-D IC ed in the work of 3-D project under the mana-

are essentially the same as with the case of gement of the R&D Association for Future Elec-

2-) VLSI, as far as the integration level of tron Devices as a part of the R&D Project of
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HISTORY, PRESENT TRENDS, AND SCALING OF SILICON BIPOLAR TECHNOLOGY

Tak H. Ning

IBM Thomas J. Watson Research Center
Yorktown Heights, New York 10598
USA

Recent advances in bipolar technology are reviewed. The key features of the advanced bipolar devices
are identified and the trends for future development discussed. The scaling of high-speed circuits and the
properties of the scaled devices are also reviewed.

1. INTRODUCTION trench isolation greatly reduce the device area and the asso-

There is no question that advances in CMOS technology ciated parasitic capacitance, and hence significantly reduce

have generated most of the excitements in silicon VLSI tech- the power-delay product and increase the density of bipolar

nology in recent years. Perhaps more surprizing to most circuits. The various advanced devices and processes cited

people is the fact that there have been very exciting develop- above represent efforts by different companies to develop

ment in the silicon bipolar front as well. Not only has bipolar their own version of sell-aligned device structure. Most self-

technology remained the technology Gf choice for applica- aligned device structures have comparable but low parasitic

tions where circuit speed is of primary importance, it has also capacitance, at least as far as high-speed circuit applications

demonstrated its VLSI capability as well. The last few years are concern. The focus of future development effort will be

saw particularly exciting developments in silicon bipolar on reducing process complexity, compatability with narrow-

technology, including sub-50ps NTL and ECL [1,2], high- base process, and extendability to submicron dimensions.

speed as well as high-density RAM chips [3-5], 8b A/D con-
* verter in the 350-400MHz range [6,71, and frequency divider

I E C
approaching 10GHz [8].

In this paper, the breakthrough responsible for this sudden
acceleration in bipolar technology development is discussed.
By examining the key elements of the advanced bipolar tech-

P
nology, the directions and trends for future development are n+ n+

established. The properties of the scaled bipolar devies are

also discussed.

2. ADVANCED BIPOLAR TECHNOLOGY

There have been many reports on novel bipolar device

structures and/or processes, such as PSA and APSA [91, SST

1101, SICOS [I l] or symmetrical transistor [12], BEST [131,

SCOT 1141, OXIS-1I1 [151, and self-aligned bipolar [161.

Figure I shows the schematics of two of these devices to-

gether with deep-trench isolation [ 17,18]. It clearly illustrates

the three key features of the advanced bipolar technology, Fig. 1. Schematics of two advanced bipolar transistors, from
namely (i) self-aligned base contact, in this case using Ref. [171 (top) and Ref. (18] (bottom), showing their thre
polysilicon, (ii) deep-trench isolation, and (iii) polysilicon key features, namely I) self-aligned base contact, i) deep-
emitter contact. Both the self-aligned structure and the trench isolation, and Ill) polysilicon emitter contact.
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Deep-trench isolation has the biggest leverage in memory polysilicon-silicon interface. Significant circuit speed degra-

applications. That is why the early applications of deep- dation can result if emitter resistance is not controllably low

trench isolation were mostly to memory designs [19,20). Of [23).

course, deep-trench isolation does improve logic circuit

speeds as well [17,201. The trenches have been filled with 3. BIPOLAR SCALING

oxide [17], or with oxide and/or nitride and then filled with The exponential I-V relationship gives bipolar devices high

polysilicon (20,211. Conceptually, the polysilicon-filled transconductance. It also implies that the diode turn-on

trenches cannot be made narrower than the oxide-filled voltage remains relatively constant in scaling, increasing at a

trenches due to the thickness of the liners. However, as long slow rate of about 6OmV/decade increase in current density.

as the trenches are not too wide, the leverage of an extra- As a result, the power-supply voltage remains approximately

narrow trench is not clear. The trend is therefore to reduce constant in bipolar scaling.

process complexity and not necessarily to reduce trench The design and scaling procedure for high-speed ECL cir-

width. cuits have been discussed in detailed in (24,25]. The central

I.o ',idea in ECL scaling, which is applicable to bipolar circuits in
OW M TVMUTUK general, is to reduce the horizontal and the vertical dimen-

0.g .70O.Sl Vg*-3V

sions in a coordinated manner so that all the key delay com-

as iponents are reduced approximately proportionately in scaling.

The scaling relues for ECL circuits are shown in Table 1. It

S .L~suggests that circuit delays in proportion to the emitter-stripe

3- as- width can be expected. Figure 3 is a plot of the ECL and NTL

f ,ring-oscillator circuit speeds as a function of the emitter-tstripe width, compiled from several recent publications. Al-

t.4 though there is quite a bit of scattering in the data, it does

indicate that the advanced self-aligned bipolar devices can be

scaled down to sub-micron dimensions and achieve perform-

0.2 ance improvements. Of course, consistent with the concept

0.1of scaling, the other horizontal and vertical dimensions should

be reduce1 with the emitter-stripe width in order to achieve

e , the optimal design.
o MSX "lop ow)

PO.'LYU.IC08 1YliW~E5S lam)

Table 1. ECL Scaling Rules [251 (a: lithography
Fig. 2. Base current density as a function of the thickness of dimension and emitter width)
the emitter polysilicon contact layer [221. Data represented
by the same symbol were from the same wafer. It suggests
that the polysilicon should be thicker than about 50 run for Parameter Rule

maximum current gain.
Base width, W, a,
Base doping level, Nb W 2

The polysilicon emitter contact by itself has negligible ef- Collector current density, i a-2

fect on circuit speed [16). Its primary importance is to i- Collector doping level,N Ja

prove the current gain so that the bipolar device can be scaled Circuit delay a

down vertically without having emitter-collector Supply voltage constant

punchthrough problem. The data [221 shown in Fig. 2 suggest

that the emitter polysilicon layer thickness should be greater

than about 50 af Once current gain is adequate, the most The scaling rules in Table I also suggests that in order to

important factor in determining the polysilicon emitter proc- achieve scaled circuit delay, the current, and hence the power

em is the emitter series resistance, usually attributable to the dissipation, of the circuit remains essentially constant in scal-
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ing. Thus, with power dissipation per circuit remaining in the the current gain by enhancing the collector current. Thus,

milliwatt range for high-speed designs, the integration level with the base doping level increasing in scaling, current gain

of scaled ECL logic chips will be severely limited by the total is not expected to be a problem in scaled devices [30]. Fur-

chip power dissipation. Circuit and design innovations are thermore, as the base band-gap is reduced due to heavy-

needed to overcome this limitation and extend the application doping effect, the collector current becomes less sensitive to

of bipolar technology to VLSI integration level [26]. temperature variation. It should therefore be possible to

achieve adequate current gain at temperatures as low as 77Kmoc

* CONVENTIONAL ECL * for properly designed scaled devices (30,311.
o SELF-ALIGNED ECL The rapid increase in current density implies that current-
A CONVENTIONAL NTL

A SELF-ALIGNED NTL a stress-induced device instability could also occur in scaled
-- • devices [321.z A

0There is always a perimeter transistor, associated with the

loo •  perimeter emitter-base junction, in parallel with the intrinsic

.* transistor, associated with the center or areal emitter-base

(A o junction. As the eimtter-stripe width is scaled down to
S -A submicron dimensions, the perimeter could become more and

U A
more dominant unless special effort is made to minimize its

20 - effect. Thus, electrical characteristics of the submicron de-

*' A vice could become a function of the emitter-stripe width,

0.5 0.2 065 I 2 5 10 giving rise to the so-called narrow-emitter effect. This effect
EMITTER STRIPE WIDTH u is a strong function of the details of the device structure as

well as the details of the emitter and base formation proc
Fig. 3. Bipolar ECL and NTL ring-oscillator speed as a esses. Just as short-channel effect must be considered in
function of emitter-stripe width, compiled from recent publi-
cations. It show that the sell-aligned devices are much faster submicron MOS device design, narrow-emitter effect must

than the conventional non-self-aligned ones, and can achieve be considered in submicron bipolar device design [33-35].

speed improvement in scaling down to sub-O.55m dimen- Significant performance degradation could result if design
sions.

optimization does not include narrow-emitter effects.

4. PROPERTIES OF SCALED BIPOLAR DEVICES

5. SUMMARY
The physics of the advanced bipolar devices, particularlyintesbirndmnii. ean ob tde xa-Today's advanced bipolar transistors are generally char-

iacterized by one or combinations of the following three sali-
siveiy. An in-depth understanding of the physics of the~ent features, namely (i) self-aligned structure, (ii)
submicron devices is needed in order to realize the perform- deep-trench isolation, and (il) polysilicon emitter contact.

ance potential suggested by the scaling theory. However, deep-trec on anL-i) ciicn hae deact.

many of the properties of the scaled bipolar devices can be
duced approximately linearly with dimension in scaling, but

anticipated from examining the scaling rules in Table 1.
Tctonly at approximately constant power dissipation. Many new
Tdevice physics can be anticipated from the bipolar scaling

base doping level suggests that excessive leakage current due

to tunneling [27,28] and hot-carrier degradation [291 in the theory. They must be understood in order to realize the full

emitter-base junction could become problems in scaled de- potential of the scaled advanced bipolar technology.

vices. Device and circuit design constraints due to these ef-

fects remain to be established.
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A2.1.2

PABLO vs. Double-Poly - A COMPARISON OF TWO HIGH-PERFORMANCE
BIPOLAR TECHNOLOGIES

R.A. van Es and D.J.W. Noorlag

Philips Research Laboratories
P.O. Box 80000, 5600 JA Eindhoven
The Netherlands

1. INTRODUCTION

In this paper a comparison is made 1A oxyde
between two high performance bipolar nitri
processes with self-aligned features.

polysilicon

2. TECHNOLOGY 1B
2.1 Process steps of PABLO

In the PABLO process (figure 1) a

stack of lpcvd layers is deposited.

With nitride and oxide as a mask the

second polysilicon layer is etched and icB+ B+

the sidewalls are laterally oxidized.

(figure 1a).

The nitride is etched. Boron for the

external base is implanted. The lateral

oxide is removed and again a thin oxide 1D
is grown. Nitride is etched. (figure

Ib).

FIGURE 1

Main processing steps of the PABLO
process

Next the exposed parts of the first and

second polysilicon layer are etched.

Boron is implanted into the groove
(figure 1c).

The groove is oxidized and nitride is

etched on the emitter area. Boron is

P R 2implanted into the polysilicon. After

Cross sectional view of the PABLO base drive-in the emitter is implanted

transistor. and driven in. (figure ld)
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2.2 Process steps of Double Poly B B+
In the double poly process (figure 3A r oxyde

3), a polysilicon layer is deposited

and heavily implanted with boron. Then o

an oxide layer is deposited and the

polysilicon area's are defined. Both

the oxide and polysilicon layers are 3B
etched by RIE. A thin oxide is grown

and the intrinsic base is implanted

through this oxide. (figure 3a).

Another oxide layer is deposited and

oxide spacers are formed by anisotropic X
etching. (figure 3b).

A second polysilicon layer is deposited

and arsenic is implanted. The second

polysilicon layer is patterned (figure 3D
3c) Then the emitter drive-in is

performed.

P+ P+

FIGURE 3

Main processing steps of the Double
Poly process

3.2 Dry etching of Polysilicon
In the double poly concept the

polysilicon is removed from the base
area by a non-selective dry etching

method. Due to the grain size of the
polysilicon it could be difficult to

obtain a smooth surface. In the PABLO
FIGURE 4 process only the connection between

Cross sectional view of the Double Poly intrinsic and extrinsic base is
transistor

etched.

3. TRANSISTOR FEATURES
3.1 External Base 3.3 Emitter edge capacitance

When scaling down the emitter width
In both processes the external base

is within submicron range of the the emitter-base edge capacitance

intrinsic transistor. Moreover the becomes increasingly important. In the

emitter width is less then the smallest PABLO process the emitter edge is

lithographic difrnsion, butted against the PABLO groove. Thus

the emitter-base edge capacitance is

significantly reduced.
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3.4 Premature punchtrough 3.5 Implantation Damage

In order to prevent premature In order to prevent implantation

punchthrough it is necessary to avoid damage it is best to use eolysilicon

a local high base resistance rim as a diffusion source. (double

around the emitter edge. (2) This diffused) In this case in the double

means that a hookup implantation is poly concept the link between

necessary under the spacer, unless the intrinsic and extrinsic base must be

spacer width is less then 0.2 to 0.3 provided by lateral diffusion. But

micron. In the double poly concept making the hookup area to small leads

this implantation is the same as the to excess lateral diffusion of the

implantation for the intrinsic base. baseboost. In the PABLO concept the

In the PABLO concept this implantation dope of the hookup area can be tuned.

is independent of the intrinsic base

area. REFERENCES
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FIGURE 5

SIMS profile of a Double diffused
transistor. The basewidth and
emitterdepth are both approximately
0.15 micron.
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A2.1.3

RAPID ANNEALING FOR SHALLOW JUNCTION FORMATION

A. E, Mchel

IBM Thomas . Watson Research Center
Yorktown Heights, NY 10598, USA

The application of rapid thermal annealing (RTA) of ion implanted impurities for the
formation of shallow junctions provides advantages of reducing dopant distribution while
removing the lattice damage. The higher temperature processing also improves the elec-
trical activity of the dopants. The physical mechanisms of the redistribution and acti-
vation of ion implanted impurities are complex and RTA provides a valuable tool for
investigating the details.

The scaling of silicon devices to smaller dimensions bility limit plotted vs reciprocal temperature for arsenic

requires new methods for fabricating the necessary and boron. The important characteristic for device

shallow structures. Bipolar transistors in particular re- performance is the electrical solubility which may be

quire in addition very precise dopant control which is much less than the physical solubility. The "clustering"

provided only by the ion implantation process. The re- phenomenon of arsenic in silicon limits the electrical

moval of the damage to the crystalline lattice produced activity to concentrations well below the physical solu-

by the ion implantation process as well as the activation bility limit at a given temperature. An increase by a

of the dopant require thermal annealing during which a factor of 3 in electrically active arsenic may be achieved
diffusive redistribution of the dopant atoms occurs. by annealing at 11500C rather than 800 0 C. Wilson [4]
While diffusion may be reduced either by reducing the has reported that high temperature rapid anneals

temperature or reducing the time of the anneal, the two produce similarly large improvements in the

methods are not equivalent. For example, it was conductivity of arsenic doped polycrystalline silicon,
pointed out by Sedgwick [11 and subsequently demon- which is particularly relevant for bipolar transistors

strated experimentally by Seidel [2] for arsenic im- with arsenic doped polysilicon emitters. As seen in Fig.

plants, that the removal of extended defects involves I the electrical solubility of boron exhibits an even

the transport of silicon atoms which requires a higher greater temperature dependence than that of arsenic.

activation energy (-5 ev) than the diffusion of of the In addition, for ion implanted boron annealed at low

arsenic impurities (-4 ev). Defect removal for the case temperature, a major fraction of the boron may be

of boron Implantation is also governed by a 5 ev acti- electrically inactive even though the maximum concen-

vation energy (3], while the boron diffusivity is acti- tration is well below the equilibrium electrical solubility
vated by only 3.5 ev. Thus to minimize the dopant limits of Fig. 1 (5]. For this condition the boron is

motion and still remove the implantation dmge d- probably trapped on defects which have not been re-

mands anneling at high temperature for short t , moved by the low temperature anneal. In any case the
sheet resistance is greater for a low temperature annealPerhaps a more important factor that favors the high

temperature short time process for the case of high - than one performed at higher temperature.

purity concentration is that the solubility limit in- Another factor that must be considered is that of an

creams with temperature. This applies to all the anomalous displacement produced by the anneal of ion

common dopsats for silicon. Figure 1 shows the solu- implanted samples. For arsenic the majority of the data

is capable of being fit with accepted diffusion mech-
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anissms and hence there does not appear to be an anom- Boo mlns on the other band, may exhibit a
alous transient effect [6). Thene areA still e large anomalous transient displacement depending on
unressolvedl questions concerning the time conistant for the anea tepratur (5,7-91. ftg 2 shows profiles
the clustering process which controls the amount of fbptebonbfoeadferneligtserl
arseni free to move at the beginning of the anneal cyclekaue ewe 0 n 00.A nela
and hence an the amount of displacement obtained. 8006C for 35 minutes may produce a displacement In

T ('C) the low concentration tall region of the order of 200 cm.

1300 1100 1100 9W0 am 700~ By annealing at higher temperatures, lOOO0C, for 5

4wlO Arsnicseconds, the anomalous displacement of the junction Is

I- Lietoito diminished to -50 cm. Also, as mentioned above, the
ir Muroto electrical activty ofthe layeris Increased bythe higher
0 iloK anneal temperature. The anomalous diffusion persists

0down to temperatures as lowuas700*Cas shown in Fig,
E 3. The shape of the depth profile also exhibits a de-

1XIO"
0 pendence on the anneal temperatures. At 700 and

0

region of the peak and the profile forms bulges on both
C

C oo creased the bulges are displaced to higher concen-
trations , until at 10000C all of the boron is involved in

o - Armiglioto
2x 1019 a - Ryssel £the redistribution. Thus as the temperature Is increased

a Gorben aa greater number of boron atoms participate in the
* - Shwetmonnanomalous diffusion. The electrically active concen-

I1Kb...................
0.7 0.8 0.9 1.0 tration limit also coincides with the position of the

1000O*+T(OK) bulges; It appears that the mobile boron is that which
Is electrically active [7). The time duration of the

Figure 1 anomalous transient also diminishes rapidly with in-

Impurity solubility vs IT, creasing temperature from '-60 min at 8000C to -'1 sec;
at 1000-C. A complete understanding of the transient

____________________enhanced diffusion is still lacking, however, It is likely

1019 Sw Implant 16

2Kb~VcW 1O/cn at 50ke

1000 0 0
o 00 *

0 0

Z -NohAnneal a P

z aO - 2 min 900C ez oAna
0 a- 5 90O00C a min 10'C % IIU a % 0 a- 20n00

0 2000 4000 am000 s 02p

DEPTH (ANGSTROMS) 0 0040s000

Figure 2 DEPTH (ANGSTROMS)

Daon transient diffusion at various tempertures. Figure 3
Transient diffusion at 700*C.
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that the bai mechalnim Is caused by the dissolution nation and amorphous layer thickness, the motion dur-

of clusters of interstitial silicon atoms formed during Ing RTA of boron implanted Into amorphized silion are

the implantation process. Recent experiments on dam- fit by diffusion modeling without Invoking anomalous

age Introduced by silicon Implantation into stabilized transient effects. FIg 5 shows a comparison between

boron profiles (10] support such a mechanism and also the measured and modeled profiles for two rapid

demonstrate another phenomenon, namely, the re- annealed samples.

duction of anomalous diffusion in the region of high

damage. Fair [111 proposed that the formation and lose Boron IMplant 1o"/CM2 at 20 k6v

growth of extended defects sinks the silicon interstitial P *o-A--nnvoi

population which reduces the boron diffusion. -o 10 ""c at 10"'c
0 01 ia- 10scat 1I0oC

B oron Im lnt 0 140I

2x 4/cm at 5 keV 
1018 

'" at

Saran Iplant I

I -8 1 0-

0- 35 ri 0-

zI z 0 1000 2000 300

N 
DEPTH (ANGSTROMS)

SBoron diffusion in pre-amorphized Si.

0 5 0 100 15 0 2000 2500 T
I DEPTH (ANGSTROMS)

Figure 4into amorphized silicon also suffers from considerable

Fiur Fiur

disagreement. Comparing boron implanted Into pre-

Boron channeling tail at low energy and transient dif- amorphized and crystalline silicon, Yamada (15, usIng
fusion.

1 hour furnace anneals, finds lower sheet resistance for

The channeling along axial and planar pre-amorphized samples annealed at temperatures be-

crystallographic directions is a major contributor to the low 900°C and the same sheet resistance for samples

junction depth of boron layers formed by low energy ion annealed at higher temperatures. The resistances values

implantation [12). Fig. 4 shows the long channeling tail indicate that during the solid phase epitaxial regrowth

and the anomalous motion for a 5 keY boron implant. of the amorphous layer boron is incorporated

As demonstrated by Crowder [13], pre-amorphization substitutionally into the lattice at concentrations far in

of the crystalline lattice effectively eliminates the boron excess of the solubility limit. Sedgwick [141 finds boron

channeling tail. The existence of anomalous transient precipitation and higher resistance in amorphized sam-

diffusion of boron implanted into amorphized silicon is pls than in their crystaline counterparts for anneal

controversial. Much of the controversy in regard to temperatures above 950. Vasudev [16] obtained much

RTA is explained by a lack of knowledge of the sample lower sheet resistance values with 2 minute anneals at

temperature which is difficult to measure absolutely in 600oC than with longer 30 minute 800*C anneals and

a non-invasive way. Uncertainties of the thickness and still lower values with values with a two step anneal

abruptnes of the amrphized layer, which for Si ion conisting of 110 sec at 6000C followed by 10 sec at

bombardment depends on the substrate temperature 1100°C. The electrical activity of boron in

dur Implantation, also contribute to the disagree- recrystallsed amorphiaed layer Is likely to be sensitive

nt. In a recent study by Sedgwick (141, in which to other mpurities which may act an nucleation sites for

special attention was given to temperature determi- precipitates.
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A problem, with the pre-amorPisation te .chnique the SIMS chemical profiles for boron. A satisfactory
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reov ths exteded defects fored jutbelow th I wish to thankr M. Demeo for performing the im-
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B2. 1.1

RECRYSTALLIZATION OF SILICON-ON-INSULATOR FILMS BY A PSEUDOLINE ELECTRON BEAM

Hiroshi ISHIWARA and Susumu HORITA

Graduate School of Science and Engineering, Tokyo Institute of Technology

Nagatsuda, Midoriku, Yokohama 227, Japan

Recent progress on the recrystallization of silicon-on-insulator (SOI) films by a
pseudoline electron beam is reviewed. The pseudoline beam was produced by scanning
a spot beam along a line faster than the thermal response time of the substrate.
In order to obtain a large SOI region without sub-boundaries and voids, such recrys-
tallization conditions as the scanning waveform to produce a psuedoline beam, the
scanning direciton and velocity of the pseudoline beam, the seed direction, and so on
were optimized. A single crystal SOI area of 1001 im square was thus obtained.

1. INTRODUCTION 2. EXPERIMENTAL PROCEDURE

Electron beam (e-beam) recrystallization is A schematic diagram of the electron beam an-

one of the most promising techniques to fabri- nealing system used in this experiment is shown

cate silicon-on-insulator (SO1) structures in Fig.l. A pseudoline electron beam abut 450

suitable for three-dimensional integration. i'm long was synthesized by scanning a spot bean

Particularly, use of a pseudoline e-beam [1-6], with about 500-kHz sinusoidal or triangular

in which a spot beam is scanned along a line signals which were applied to the X and Y elec-

faster than the thermal response time of the trostatic deflection plates. The acceleration

substrate, is interesting from a viewpoint of voltage and the diameter of the spot beam were

productivity, as well as use of a line beam 10 kV and 240 ms, respectively. The pseudoline

[7-9]. The scanning waveform to produce a beam was then scanned electromagnetically as a

pseudoline beam was initially a sinusoidal wave, whole with velocities from 0.1 to 10 cm/s. The

which gave an increasing temperature profile oblique angle B between the scanning direction

towards both edges of the line and recrystal- of the pseudoline beam and the line normal

lized the molten zone from its center as a direction was changed from 00 to 600by changing

single crystal [2,3]. More recently, a new the ratio of the I and Y amplitudes.

waveform, an amplitude modulated sinusoidal In the sample preparation, 1- pm-thick SiO2

wave, was proposed and successfully applied to films were first deposited on Si(O01) wafers

recrystallization of large area 801 films [4]. using plasma-enhanced chemical vapor deposition

However, there are still a few problems in (P-CVD). Then, the oxide films were partially

the pseudoline e-beam recrystallization method, etched to form stripe or square SOI regions

which are similar to those in the line beam with 50 to 200i m in dimension. The shape of

method. The first one is generation of sub- the seed region was either a continuous stripe

boundaries which is inherently observed in the 5 1jm wide or a perforation seed structure, in

recrystallized large SO region, and the second which rectangular seed patterns are separately

one is generation of voids in the SO1 film, arranged along a line. The seed regions were

which is pronounced near the seed regions where aligned to (100>, <130>, or <110> axes of the

the Si film is directly in contact with the Si substrate. On the patterned wafers, Si films

substrate. In this paper, we review the recent 0.6 v m thick were vacuum deposited at tempera-

progesa of the studies on their generation tures around 5006C. Finally, the samples were

mechanisms and suppression methods, capped with 0.5 11 m-thick P-CVD oxide films and
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mounted on a carbon holder kept at 500@C using We can see from these figures that a late-

Pb-Bi (8020 wtZ) alloy, rally grown area with no sub-boundary is larger

After reorystallisation, the cap oxide was in the right-hand side of each SOI stripe than

etched and the samples were dipped in Wright that in the left-hand sidep since the lateral

etchant to make the sub-boundaries in the Si growth toward the left-hand side is enhanced

films clear. The surface morphology of the due to the movement of the oblique S-L (solid-

samples was observed with Nomarski optical liquid) interface. We can also see from con-

microscope. The samples were further charac- parison of (a) and (b) that the sub-boundary-

terised using the electron channeling contrast free growth length Lef from the right-hand side

in SEN (scanning electron microscopy). is increased with the oblique angle e, and from

(b), (c), and (d) that the Lsf is increased in

3. LATERALLY SEEDED EPITAXY the sequence of the <110>, <130>, and <100>

In the experiment of laterally seeded epi- directions of the seed stripes. In the center

taxy of SOI files, the pseudoline beam was stripe in Fig.2(d), the sub-boundary-free area

mainly scanned along a seed stripe, while the covers the whole SOI region forming a grain

direction of the seed stripe to the Si sub- boundary parallel to the seed stripe near the

strate and the oblique angle e were changed. SO Seed

Figure 2 shows Noarski optical micrographs of

Wright etched SOI films which were recrystal-

lised by a pseudoline beam with a velocity of 0:-150
10cm/s [5]. In this figure, comparison of (a)

I and (b) gives a variation of the sub-boundary- <110>

free area with the oblique angle 8 in the

samples having seed stripes along the <110>

direction, while comparison among (b), (c), and (b)

(d) gives a variation with the seed direction 8=450

at a fixed oblique angle of 450.
<110>IVICO"Wator -V- -Wo10

I =d °

<, 4 ° <0> =450

TO 501M

FIGURE 2

FIGURE 1 Nomarski optical micrographs of Wright etched
sample. The seed direction and oblique angle

SSohematic diagram of an e-beam -annealing system are shown in the right-hand side in each figure.
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left-hand edge, although microtwins along the formed at the solidification front (10].

(110> axis exist in the right-hand region. In order to confirm the above speculation,

The relation between the oblique angle 8and SO islands of 100 us square which were sur-

the sub-boundary-free growth length Lsf for the rounded by 5 1m-wide seed stripes were recrys-

three samples with different seed directions tallised by a nonoblique pseudoline e-beam.

is summarised in Fig.3 (5]. We can confirm from That is, a pseudoline beam was set parallel to

this figure that the lateral growth length is an edge of the square pattern and it was

enhanced either by increasing the oblique angle scanned to the normal direction of the line.

or by rotating the seed direction from <110> Figure 4 shows electron channeling contrast

to <100> axes. It was also found that Lsf was micrographs in the upper region of SOI islands

increased with increase of the beam power, which were recrystallized by scanning a pseudo-

Next, properties of sub-boundaries are char- line beam upwards (5]. The top portion in the

acterised. As can be seen from Figs.2(a) and micrograph is the seed stripe and because of

(b), in the samples with <110> seed stripes the its heat sink effect the edge region of the SOI

direction of sub-boundaries is roughly fixed at island was solidified downwards. We can say

45
° 

from the seed stripes, even if the oblique that the lateral growth length from the top

angle 8 is changed from 15 to 450. The direc- seed stripe is not so long as to form (111)

tion of sub-boundaries hardly changed in any facets, while the growth length from the bottom

samples with the <110> seed stripe. On the seed stripe (about 100 tim) is long enough to

other hand, we can see from Figs.2(b), (c), and form (111) facets at the S-L interface. Thus,

(d) that the direction of sub-boundaries is the shape of the grain boundary which is formed

changed by the crystal orientation of the seed by collision of the two solidification fronts

stripes, even if 6 is kept constant. From these

and other experimental results, we speculated (a) <1 0 > <WO>

that the direction of sub-boundaries is roughly 0wOOmve

aligned to the <100> direction of the Si sub- 8a 0__

strate, because of the folded (111) facets -

s 50 <hlO> v SlO= s1

40-(111) FMM~

Mb <100>
130

_- <100> ( 1

10

0 1 80 46 60

Obiqu Ang0e og t811hho n lore

FIGURE 3 FIGURE 4

Variation of the sub-boundary-free growth Electron channeling contrast micrographs of

length Lgf with the oblique angle 9 for three Wright etched samples recrystallized by a non-

seed direetions. obliquely scanned e-beam, and schematic draw-
ing of the S-L interface during solidification.
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is considered to reflect the shape of the (111) often produce new defects such as grain bound-

facets at the S-L interface which goes upwards. aries in the film. Thus, it is impossible to

We can see from this figure that the grain fabricate integrated circuits in these films,

boundary is flat when the beam is scanned along unless the void generation is suppressed.

the <110> direction, while it exhibits a round We studied the generation conditions of such

saw-tooth shape when it is scanned along <100>. voids using a pseudoline electron beam and

These shapes are consistent with the shapes of speculated that the voids are generated by Si

(111) facets in respective seed directions as or SiO gas which is vaporized by abrupt, local

shown in the left-hand side. We conclude from temperature change and contained between the

this experiment that folded (111) facets are capping and underlying SiO2 films, where SiO

generated at the S-L interface when the beam is gas is known to be brought by dissolution of

scanned along the <100> direction, and sub- oxide films. Based on this speculation, we

boundaries are generated at the interior proposed a perforation seed structure [61, in

corners of the folded (111) facets. which rectangular seed regions are separately

arranged along a line, so that the heat sink

4. PERFORATION SEED STRUCTURE effect is not so different between the seed and

It has been reported that voids or holes are SOI regions and voids are not generated.

often generated in SOI films which are recrys- The size of seed regions ranged from 5 to 20

tallized by line or pseudoline e-beams when the im in width (We) and 5 to 100 um in length (L.)

beam crosses seed stripes where the Si film is as shown in Fig.5. The seed regions were

directly in contact with the Si substrate(1,8]. aligned along a line with a constant gap length

Under certain conditions, the voids are as L between the adjacent seed regions. L was

large as several hundred microns, and they changed from 3 to 15 us in different samples.

Ws I ~F I IFigures 6(a) and (b) show the electron chan-WS neling contrast micrographs of recrystallized

I i SOI films with a conventional seed stripe and

Lg Ls with a perforation seed structure, respectively

FIGURE 5 16]. The sizes of the structure are Lg-Ws= 5 um

Schematic diagram of perforation seed structure and Le=10p m. A pseudoline e-beam was scanned

Seed

<110>
(a) (b)

Conventional Seed Perforation Seed
FIGURE 6 Electron channeling contrast patterns for SOI samples with

(a) conventional and (b) perforation seed structures
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perpendicular to the seed line from bottom to be somewhat modified if the seed width Ws is

top of the figures. We can see from Fig.6(a) changed. For example, if We is narrower than

that two large voids as well as a small one are 5 Pm, the heat sink effect of the seed line

generated in the upper SOI region near the seed becomes weaker and we will be able to choose

stripe. On the contrary, in the case of the the shorter L and the longer L5 without void

perforation seed structure in Fig.6(b), no void generation. The seed regions with W=l p m are

is generated in the SO1 film. We can also see expected to be still effective for stopping

that though the seed regions are separately ar- propagation of randomly nucleated Si grains.

ranged, their heat sink effect is strong enough

to stop propagation of the randomly nucleated 5. LARGE AREA RECRYSTALLIZATION

Si grains across the seed line. Thus, the We can conclude from the previous discus-

crystalline quality of the upper SOI file is sions that, in order to recrystallize a large

kept excellent up to about 30 Pm from the seed SOI area in a single crystal, it is necessary

line by laterally seeded epitaxial growth, to suppress the void generation as well as to

However, the channeling contrast pattern shows suppress the (111) facet formation at the

that fluctuation of the crystal orientations S-L interface. The former problem was found

which reflects the seed structure occurs beyond to be solved by use of the perforation seed
that region. structure. Concerning the facet formation, it

The size of the perforation seed structure was found that the (111) facets are likely to

was optimized from several experiments. It was be suppressed when the S-L interface is aligned

found that a shorter Lg gives a better result to the 110> direction and the beam is scanned

from a viewpoint of the crystalline quality of along the <110> direction, as shown in Fig.4(a).

the SO1 film, however the minimum value for We Thus, the perforation seed structure was formed

5 pm is about 5 Usm Concerning the seed length along the <j1O> direction and in some samples
L, a longer value was found to be more effc- <110> seed stripes were also formed in order to
tive for controling the crystal orientations of stop the penetration of grain boundaries from

the SOI film. Thus, the optimum value of L. is the beam edge region.

considered to be 30 to 50pm. These values will Furthermore, in order to keep the S-L

<1 10>

(a) T (b)
Sinusoidal Triangular -r Sinusoidal

1 4
FIGURE 7 Electron channeling contrast patterns for SO1 samples

recrystallized by (a) conventional and improved methods
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interface at the trailing edge of the bean as 3) A perforation seed structure in which rec-

straight as possible, a pseudoline e-beaa was tangular seed regions are separately placed

synthesized by scanning a spot bean with a along a line is effective for stopping pro-

combined waveform of triangular and sinusoidal pagation of randomly nucleated Si grains as

waves. This method was conceived from a fact well as suppressing the void generation.

that the molten sone shape becomes convex at 4) An SO1 region of 100 pm square was recrys-

the trailing edge when a spot beam is scanned tallized in a single crystal after optimiza-

with a triangular wave, while it becomes con- tion of the seed structure, the scanning

cave when the beam is scanned sinusoidally. direction, and the scanning waveform.

The optimum amplitude ratio of the triangular

and sinusoldal waves was determined to be 1 to ACKNOWLEDGMENT
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B2.1.2

A COMPARATIVE STUDY OF STARTING MATERIALS FOR SO1 DEVICE FABRICATION
OBTAINED BY DIFFERENT RECRYSTALLIZATION PROCEDURES AND MATERIAL STRUCTURES

D.J.VOUTERS, M.R.TACK, F.V.MERTENS, H.E.MAES and C.L.CLABYS

IMEC vzv, Kapeldreef 75, B-3030 Leuven, Belgium

Different conditions of zone melting recrystallization using both laser and
a mercury arc lamp are studied. N-channel MOSFET's were fabricated in these
materials to compare their qualities and to evaluate their device-vorthiness.
Subgrainboundary-free silicon films are obtained resulting In devices vith
high surface mobility and low leakage currents.

1. MATERIAL PREPARATION 2. RECRYSTALLIZATION CONDITIONS

100 a (100) oriented CZ silicon wafers were A CV Argon ion laser was used for the laser

prepared for recrystallization experiments, recrystallization. The scanning of the circular

Seeding areas parallel to the 11101 direction laser spot was performed with galvanometer

with 0.5 gm thick oxide islands were defined by driven mirrors. A unidirectional scan method

a LOCOS technique. together with a large overlap between succes-

For the laser recrystallization a 0.5 um sive scan lines was applied resulting in a

LPCVD polycrystalline silicon film was de- semi-continuous crystal growth Il.

posited. Four different capping layers were For each one of the used combinations, optimal

used in the experiments : 6 na or 55 nm silicon scanning parameters were determined experien-

nitride, 35nm oxynitride, and a periodic struc- tally (Table I).

ture of 55 a thick and 7 jam wide (anti-reflec- The lamp recrystallization [1 was done with

tive) silicon nitride stripes with 10 nm a capillary mercury lamp which in these experi-

silicon nitride in between. The spacing between ments operates at an electrical power of around

the stripes was 18 jm. The 55 nm silicon 350 V/cm. The complete topheater unit was

nitride films were annealed for 30 min in N2 at scanned at 0.4 m/s along the <110> direction

1100 6C over a wafer preheated to about 1275 °C.

For the lamp recrystallization a 5 jm thick

LPCVD poly-silicon was deposited. A 3 im PECVD

silicon dioxide layer was used as the capping 3. QUALITY OF THE RECRYSTALLIZED SILICON

layer. 3.1. Laser recrystallization

For the laser recrystallized material mass

transport occurs at the seeding edges of the
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TABLE I

LASER RECRYSTALLIZATION CONDITIONS AND SURFACE MOBILITIES

CAP LASER SCAN VERTICAL SURFACE
LAYER POWER VELOCITY STEP MOBILITY

(V] [cm/sl [um] [cm /Vs]

6wn S 3N4  17 10 15 390

55nm Si3N4  5.5 10 17 300

Stripes 12.5 50 5 550

35rm StNxOy 7 10 15 390

Laser spot size is 10OUm (l/e
2 intensity points)

Wafer preheating temperature is 350*C

oxide islands. The amount is found to depend on 3.2. Lamp recrystallization

the type of capping layer. For the thin 6 nm Due to the combination of a relatively large

nitride cap layer considerable mass transport amount of seeding area and a relatively thin

is observed, eventually resulting in voids at burtled oxide the power window for the top-

the "entry" corner of the oxide islands, heater was very small. This resulted in some

vhereas with the thick 55 nm nitride and the material transport.

35 nm oxynitride capping layer the effects are

much less pronounced. It can be concluded that

mass transport decreases if a more rigid

capping layer is used and that it can be

effectively reduced by using a stripe struc-

ture.

For the continuous capping layers, a (Sub)-

GrainBoundary (SGB) structure is formed with

grains parallel to each other and to the <100>

direction, for a scan direction parallel to the

1110] direction (figure 1). The distance

between these SCB's varies between 1 to 10 um, FIGURE 1

depending on the type of capping layer. For the Photomicrograph of laser recrystallized
material with continuous 55 nm nitride capping

periodical striped capping structure SGB free layer shoving typical grainboundary structure.
The silicon film was Secco etched. Distance

crystals are obtained extending a few 100 urn between the grainboundaries is of the order of
1 um. Grainboundary-free seeded distance is

from the seeding edge (figure 2). about 10 ur. The length of the marker is 50 ur.
Scanning was from right to left and from bottom
to top.
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5. ELECTRICAL CHARACTERIZATION

The electrical evaluation was performed on

conventional and on five-terminal MOS-transis-

tors.

5.1. Laser recrystallization

The threshold voltage of the front transis-

tors is adjusted to about 1.3 V by the boron Vt

implant. The surface mobility of both front-

and back-transistors as a function of the

different materials is listed in Table I. High

front-channel mobilities in the order of 550

cm2 /Vs are obtained in the material with

FIGURE 2
anti-reflective nitride stripes. Those values

Photomicrograph of laser recrystallized
material with anti-reflective stripes. Long are comparable to the ones obtained in bulk
(sub)grainboundary-free crystals are obtained.
The length of the marker is 25 1Am. Grain growth silicon. The wafers that received a 6 nm
is from bottom (seed area) to top.

nitride or a 35 nm oxynitride capping show

The major defect structure for the obtained somewhat lover mobilities and larger spreads

silicon layers are (111) stacking faults. whereas the worst values are obtained on the

The residual doping level of the obtained 55 nm nitride capped wafers. Those results

films ranges from 6*1014 to 1015 at./cm 3  correlate with the occurrence of SCB's.

Figure 3 shows the Ids-Vgsl (front gate vol-

4. DEVICE FABRICATION tage) characteristic for a device processed in

Devices were processed in the recrystal- material with a striped capping structure. The

lized wafers, as well as in reference bulk- diode leakage currents are less than 1 pA/(pm

wafers using a 5 Um NNOS process, modified for gate width) at a reverse bias of -10V.

thin SO1 films. Interface state densities are around

The major characteristics of this process are: 7*10 /cm 2eV and 6*1011 /cm2eV for the front

LOCOS-isolation, a 60 nm gate-oxide, Vt-adjust and back interface respectively, as measured by

implant, B-implantations to suppress back- charge pumping. Figure 3 also shows the in-

interface- and channel edge-leakage and fluence of the back-gate voltage (Vgs2) on Vtl

As-P graded junctions. Finally dopants were which indicates that the device operates partly

activated by short time annealing, in the thin-film regime. As a consequence, by

applying an adequate Vgs2, the kink effect can

be suppressed.
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IDS 6. CONCLUSIONS
( A)

Four different seeded material structures

recrystallized by means of laser were eva-

luted. High surface nobility (550 cm2 /Vs) and

/div -low leakage currents are measured in material

/ - with an anti-reflective periodical capping

layer, in which grainboundary-free material was

IE1 4 

obtained.

-7. 200 1.200/d v . o Lamp recrystallized thick film material

.shows comparable electrical results.

FIGURE 3

Log(Ids)-Vgsl curves with Vgs2 as a parameter
of a five-terminal thin film SOI MOSFET in ACKNOWLEDGEMENT
laser recrystallized material with anti-
reflective stripes. Device dimensions are Part of this work was performed within the
V/L.24 Um/12 pm. Back gate voltage (Vgs2)
varies from 9 V (upper curve) to -10 V with ESPRIT project 370.
-1 V steps. Vds is 100 mV, and the film contact
is grounded.
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3D-9ol INTUIIGSNUT PME UW.UCTDUS

D. Dunne, C. 0. Cohill, A. Nathew n, W. A. Lane

National Microelectronics Research Centre,
University College Cork,
Ireland.

M. Nostier, D. Chapuis

Thompson EFCIS. 17 Avenue des Martyrs,
Grenoble, France.

I. IUTW)DUCTION Two alternative configurations of such an

One area of the microelectronics industry approach, fully.stacked and mezzanine struc-

which has attracted considerable research tures, are shown in Figure 1.. The layered na-

interest for a number of years is the concept ture is clearly shown, with the vertically

of vertically stacking several planes of active stacked structure being seen as a desirable

devices for Three-Deimensional Integrated Cir- longer tern goal toward which the mezzanine

cuits. hile a number of mans of achieving approach used here is a logical stepping stone.

this have been suggested, the most comon In addition, a polysilicon shield or ground

approach is to use stacked layers of energy beam plane level could also be integrated within the

recrystallised silicon, separated from each vertically stacked structure and is included as

other and the bulk material by silicon dioxide. a diffused region in the bulk silicon layer for

While an initial impression would suggest that the mezzanine approach, thus providing improved

the major benefits of such an approach would lie DC and transient isolation for the control logic

in packing density and speed performance it has array. For the vertically stacked approach this

been shown that the gains obtained in the con- ground plane has the added benefit of being a

text of a VLSI requirement are less than could useful heat sink during top layer recrystall-

be expected (1] when the extra complexity in- isation and a means of achieving greater

volved in producing the devices is considered planarisation.

(2,3].

However, the stacked SOl approach does offer 2. Intelligent Power/Interface IC

significant advantages for the realisation of In evaluating this concept and its realisa-

integrated, mixed technology system, where tion, Intelligent Power/Interface applications

separate layers of transistors can be individ- were defined as being particularly suited to

ually optisised and separated by a high quality the 3D-SOl structure. Specifically, the high

isolating oxide. It is clear that several quality dielectric isolation offered by the

varieties of radically different devices could inter-layer oxide offers great potential in

be used on different levels of a 3D-SO system, this application, in addition to the capabil-

without seriously compromising the fabrication ity of building optimized bulk silicon power

sequence of any of them. The layers, in prin- devices and high performance latch-up free CMOS

ciple, can be built up sequentially with only SOI circuits.

the thermal load of subsequent processing steps In order to provide the greatest design

effecting previous stages. flexibility in a demonstration of a 3D-SOI

intelligent power structure, gate array
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! I
implementations were adopted for both bulk power of the ZMR approach.
devices and the SO! control logic. The tech- The C04S SO1 portion of the array is designed

nologies chosen for this work are a SOV lateral so that the gate modules and routing channels

SDM0S buU technology together with a 3u, COS are located entirely between seed windows; this

0so process. These two processes are being cook- makes reasonably efficient use of the highly

blued to fabricate a small test-bed 3D-SOI gate regular structure dictated by the seeding

array, suitable for semi-custom interfacing and requirements. The design of these modules is

medium current/voltage (lA/5OV) driving appli- more or less traditional; an example of a cell

cations. Packaging constraints currently limit is shown in Figure 3. It includes a device of

total power dissipation in a full sized version each type (P and N), as well as two through

of this array to the 5 watt level, cell routing vies. Both metal and contact

A 3um SO C40S process was developed, in levels will be programmable and a single level

e-beast recrystallised material, the character- metal scheme is used. In this example the

istics of which are shown in Figure 2 [8]. ultimate packing density has been compromised

This is typical of SO! CHOS processes describ- somewhat to accomodate the project requirement

ed elsewhere [9), nd consequently most atten- of both laser and e-beam ZMR.

tion is given to the more novel LDNOS tech- A major consideration in the case of the

nology in this paper. bulk technology is that the devices must fit

3. Mezzanine IC Design and Processing completely between seed windows to avoid the

Recrystallisation techniques which are melting into the bulk material that occurs

particularly suited to the 3D-SO! approach are during the ZMR step. This constraint on the

laser [41 and electron beam [5,6J zone-melting- size of the devices requires that a medium

recrystallisation (ZNR) (2], because of their voltage (50-70VJ DMOS technology be employed.

localised, rapid heating of the silicon. In This has been designed by modifying the tradi-

their simplest form these techniques produce tional circular geometry of the LDMOS transis-

large grain polysilicon with randomly oriented tor to provide a device of the requisite

crystallites and grain boundaries, leading to dimensions. These transistors have been pro-

a large scatter in the characteristics of MOS duced in an n-well CMOS process which was

devices fabricated in the material. In this work modified to produce the necessary Vt and break-

both techniques are being used, with a 'seeded' down voltage characteristics.

| approach adopted to provide bulk quality sili- Experiments have been performed on the LDMOS

con in the SO! layer. The seed structure used devices to establish the effects of the re-

in the test-bed design has a 43m pitch; how- crystallisation step end subsequent SO! pro-

ever, some encouraging progress is being made ceasing on the device characteristics.

at both the laser and c-beam sites within this Initial results indicate that, provided the

project in extending this distance to 60-80um. ZNR step is constrained to provide good qual-

An improvement in this will clearly lead to ity seeded material without melting the bulk

greater packing densities end larger scope in silicon under the isolating oxide [i.e. is

the geometry and breakdown voltage of the power within the power window], no detrimental effects

devices employed. Experiments have shown that are observed on bulk device performance [see

200V DMOS devices could be fabricated with a table 1]. However, if the power window is ex-

seed window spacing of 60oum. Selective Epi- ceeded some melting of the gate poly-silicon

taxial Growth (h40) [11 is used to planarise can be observed. Figure 4 shows a polysilicon

the seed structure and to reduce the mass tran- track which exhibits mass transport effects due

sport that is currently observed as a feature to high power ZMR processing.
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A. Conclusions (91 G. F. Hopper at &I, Electronics Letters,

A 50-70V bulk LUIDS process compatible with Vol. 20, No, 12, pp 50, 1984.

electron bean and laser ZMR for 3D-SOT app-

lication has been developed. It has been

established that the devices produced do not
degrade significantly in performance if care is
taken to stay within the thermal budget and SOl Technol

optimised ZMK cycles are used. This LDNOS tech-
nology is combined with a 3 micron SO-010S
technology in a mezzanine configuration, thus

incorporating the merits of a 3D approach in a

mixed technology system. The design and pro-

ceasing of this demonstration structure has been Buk Technoloy

constrained to be similar to that expected to

be used in a fully stacked device. In this way

some of the technological challenges of the fully Ca)

stacked structure have been dealt with in this

work.
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Characteristics of 3um channel length NWS and FIGURE 3
F14S transistors fabricated in et-beast recrys-
tallised polysilicon. SOI COS Gate Array layout.

TYPICAL VALUES
PARAMETER BEFORE ZMR AFTER 2MR

VT M [1.141021 1.25

BVDS[M > 50 > 50

RON 5V 33 t13 0 380
@VGS

I5V 22±t12 0 280

TABU 1

D1DS characteristics before and after EM& step.
Polysilicce track showing uses transport effects.
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B2.1.4

ANALYSIS OF NONUNiFORMLY DOFID SOl MOSFTs

P. Palinck*. 0. Vancauwenberghe and F. Van de Wile

Laboratoire de Microdlectronique, Universitd Catholique de Louvain
Place du Levant 3
1348 Louvain-la-Neuve, Belgium

A one-dimensional device simulator is developed for nonuniformly doped *SOI
MOSFET's which allows to calculate accurately and reliably their electrical
characteristics in the linear region. NMOS and PMOS transistors have been

successfully optimized in relation to the process implantation parameters.
Comparison with experimental results is presented.

1. INTRODUCTION to the high fixed oxide charges and interface states

There is some difficulty in optimizing SOI densities [3). In NMOS transistors, this results in the

transistors performances with classical simulation persistence of a significant leakage current [4) in

tools. This stems from the fact that conventional the OFF state. This difficulty can be eliminated by

numerical device simulators are not adapted to the applying a negative bias at the back gate terminal.

SOI-related characteristics of such devices : Therefore, the back channel inversion is always

technological (nonuniform doping level, fixed impeded, provided that the back gate bias is

oxide charges and interface states densities) and appropriate. However, this has the drawback of

f geometrical (film finite thickness, buried oxide requiring an additional external power supply and

thickness) parameters, presence of a fourth the SO1 MOSFET becomes a four terminals device. An

terminal (back gate contact), alternative solution consists in performing a deep

We developed a simulator, coupled to process .. boron implantation [5] near the backside interface

simulator SUPREM [1], which takes all these data in addition to the superficial one (Fig.I).
into account. It is based on the one-dimensional

solution of Poisson equation in the linear region. 1 17

Further, the problem of equilibrium (flatband

voltages) has been carefully treated in order to . -

determine the built-in voltage caused by a varying 0.1 D

doping level [21 that we adapt to a SOl structure. The E

computer code allows the current to be reliably 0.2. T
T

calculated from the weak inversion criterium. 0.3 H

Furthermore. its simplicity makes it a fast 0.

SOI-oriented tool for the development of successful OAt

device technology. 0.5 -

I DIISCUSION IMPURITY CONCENTRATION

2.1. a-channel transistor (CM- 3 )

In SOI technologies, the backside SiO 2 / S  F

interface is generally of rather poor quality, owing
Not impurities concentraoin v depth
Efront40 keV. 0 fnt=10 11 T" ns

* P. Peelick is financially supported by I.R.S.I.A. Hlakml 6 0 kV. wback .1 cns2
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In this cae, the SO transistor comprises three the doping level near the front interface should

terminals like a conventional MOS transistor, since not degrade the channel carriers mobility. We have

the back gate terminal in left floating. The also checked up that a possible lack of precision on

parameters of both implantations have to be the film thickness was of little consequence on the

carefully selected. Indeed, it is well known that the device electrical characteristics (Fig. 4).

front gate threshold voltage VTf sharply varies

when the film is fully depleted, but that it remains 104

constant when the backside interface is •

accumulated [6). That's why we determined the (A) WT

implantations parameters in order to accumulate

the backside interface. Our simulator enables us to
investigate the back gate threshold voltage VTb

and current sensitivity to the deep boron ld"
implantation dose, while still achieving the correct

VTf. Figure 2 depicts the variation of VTb with

boron dose.

6 7 9 11 13 '15 17 19

DOSE (.10" CM "2 )

1VB1  
FIGURE 3

(1) 11
Back channel leakage current versus deep boron
implantation dose (VGb=O V).

5 Same technological parameters as in Fig. 1

2

-1 1.2
VTF

-4 0.8
-7

5 7 9 11 13 15 17 19 0.4

DOSE ( O1"CM 2 )

0
FIGURE 2

-04
Back gate threshold voltage versus deep boron
implantation dose (Vab-0 V/) ____0._________

Same technological parameters as in Fig. !

As it may be expected, VTb increases with boron Tj (A)

dose and becomes positive for doses over 9 1011

cm 2 . However, optimization can not be only based FIGURE4
on threshold voltae control. Although VTb is Front gate threshold voltage versus film thickness

(V b-0 V). Same technological parameters as in
positive, it is impossible to turn off the back Fi$

channel leakage current for doses ranging from 9

o 13 1011 cm- 2. This is represented in Fig. 3 whore A comparison between simulated and
the leakage current is plotted versus boron dose. experimental curves is presented in Fig. S. Film

Further, the energy and dose of the superficial thickness is 4800 A and front and back oxide

implantation have been chosen in such a way that charges ar respectively 1011 and 5 101 cm "2 . It is
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worth to note that the subthreshold current is minimize junction leakage current and to adjust the

correctly predicted by simulations, buried-channel threshold voltage. Nevertheless,

threshold voltage strongly depends on the

implanted boron dose and Fig. 6 indicates a nearly

. . linear dependence of VT with the dose.

1A)

-1.0

-1.5,

-5 -3 -1 1 3 5 -2.0

VGF (V)
-2.5

1.5 1.7 1.9 2.1 2.3 2.5
FIGURES DOSE (.10 C -2 )

Experimental (__) and simulated (.......) (Id,VGf)
curves for NMOS transistor (VGb=O V)
W/L=20/8 microns FIGURE 6

Threshold voltage versus boron dose for'
2.2. p-channel transistor buried-channel PMOS transistor

The optimization of PMOS transistors is quite

different. The natural threshold voltage of the In the second approach, the single boron

undoped active layer is too negative and the implantation leads to a fully depleted PMOS

subsequent phosphorous implantation for substrate transistor. The basic idea is that electrons

doping and threshold voltage adjustment reduces it accumulate at the backside interface when the back

still further. This problem can be circumvented in gate threshold voltage is negative, and the

two ways : either implant only boron (fully depletion zone extends to the front interface. It is

depleted PMOS transistor) or counterdope the thus important to avoid any hole conduction in

n-type substrate with a superficial boron volume. This can be achieved provid;ng that VTb is

implantation. Firstly we present the results we sufficiently negative. Therefore, the key

obtained for the latter. parameters are the impurities concentration near

Both phosphorous and boron implantations give the backside Si/SiO2  interface, the buried oxide

rise to a shallow junction. Moreover, SUPREM thickness and the fixed buried oxide charge

simulations show that a second deeper junction may density. The influence of the latter appears in Fig. 7

be induced above the backside interface; this can It shows that the lesser quality of the back

be explained by the fact that the film is initially interface tends to stabilize the front channel

intrinsic. We kept constant the phosphorous threshold voltage. This is due to the fact that the

implantation parameters and studied the influence buried oxide is thick, so that VTb is negative and

of boron implantation. According to the quantity of allows electrons accumulation. Moreover, the
implanted boron ions, the film can be considered as depletion zone depth is limited by the film finite

a n,p-n,p-n-p or p-type substrate. The simulations thickness. Good agreement has been found between

allow to determine energies and doses in order to simulation and experience (Fig. 3).
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3. CNLUIN

0 In conclusion, we have developed a

Sone-dimensional numerical device simulator for

-0.3 nomunifornly doped SO! MOSFETs. It also includes

geometrical (film and buried oxide thicknesses) and
-0.6 technological (fixed oxide and interface states

densities) device parameters. Therefrom, the

-0.9 influence of both superficial and deep boron
implantations parameters on the electrical
characteristics of NMOS transistors has been
clarified in order to get the correct threshold

0' 1 2 3 4 5 6 7 8 6 10 voltage and suppress the back-gate-related

NOX2 (,O ' CM" 2 ) parasitic leakage current. Two types of PMOS

transistors (buried-channel and fully depleted)

FIGURE 7 have been investigated and reliably optimized.

Their sensitivity to implantation parameters has
Threshold voltage versus fixed back oxide charge also been studied.
density (Vob-0 V) for fully depleted PMOS transistor
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C2.1.1

NELLING OF THE DRAIN LAS EFFECT IN GaAS NESFET's
AN ITS IMPACT ON DIGITAL IC's

Thierry OUCOURANT, Narc ROCCHI

LEP : Laboratotres d'Elecranique et do Physique Appliqule
Nmbre di llOrgamisatlon do Recherche Internationale de Philips

3, avenm Descartes, 94451 LIEIL-REVMINES CEDEX, France

1. INTRODUCTION substrate resistivity under these high field

N channel GaAs ESFET's directly implanted conditions (figure 1). As electrons are

into semi-insulating substrates exhibit many injected, some of them get trapped by the deep

low frequency current drifts wnich degrade the centers located in the substrate near the

performancesof GaAs digital IC's and result in interface wtich modifies the space-charge

comparator nysteresis, memory cell thicKness in the substrate and consequently in

A unstabilities, or abnormally low output buffer

levels.

They all can be attributed to the same S G D
"drain lag" effet (1. 2). Though it is now well + +

established that this effect is mainly caused

by the low frequency response of the interface n
between the active channel and the

semi-insulating substrate, its exact mechanism ef * e ee

has not been completely clarified yet. Based on e

extensive measurements either in the time or

the frequency domain, we propose a S1 GaAs
comprehensive model of the drain lag effect, to Figure 1

be included in CAD models for GaAs MESFET's.
the channel. This results in frequency depen-

2. dASICS OF URAIN LAG EFFECT dent electron screening, which limits the

The "drain lag' effect is related to the injection and leads to a back modulation of the

excess drain current of a MESFET resulting from cnannel.

a fast drain-to-source voltage transient. it As a conclusion, our physical analysis snows

also corresponds to the variation versus that in addition to being frequency dependent,

frequency of the output conductance (gd). As a the drain lag effect also strongly depends on

matter of fact, this effect results from the VGS and Vos which fix the electric field

combination of two related phenomena : a conditions at the interface.
frequency dependent current injection into the

substrate (3) and a related back modulation of 3. CAD NODEL OF DRAIN LAG EFFET

the cnannel (4). The injection results from the Though the frequency dependence of tne drain

distortion of the electric field lines in the to source impedance is complex, it can be

channel due to the formation of a high field simply fitted with one single pole at 100 Hz

domain at the drain side and from the lowered (measured data). For most applications only DC
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(bias points) and high frequency operation have Ideally, ot should be equal to 1. It has
effectively to be considered, and the single been measured at Vds - 1.5 V for various
pole approximation can then be used, substrates between 0.1 Hz and 10 MHz. As

We propose the equivalent FET model of expected. the module of Go) increases witn

figure 2. associated with the following equa- frequency wile its phase reaches a maximum, of

tions for the injection current linj and tne approximatively 106 around 100 Hz. Figure 3 is
channel current Ich :a particular example snowing that the medsured

(Vdsi+(cL.- 1) Vr) Vdsi-(Vdsi)sat ratio W' is around 3 for Vgs oias ranging from
Iinij C) 0 V up to .7 V. This agrees well with tne

R [Vgsi - Vt] Vdsi+(Vdsi)sat computed data fore( 3 and 8 = O.

Figure 4 snows tue computed I-V curves at
for Vdsi P (Vdsi)sat 0.1 Hz (00,. 100 Hz (curve tracer). The

linj = 0 for Vdsi < (Vdsi)sat hysteresis loop clearly appears, as well as tile
Icn = Go f (VgS - 13 VC)g (Vds)Sdt frequency dependent available IDS current.
R CVgsi - Vt] cnaracterises tne injection
resistance wnicit depends on the intrinsic gate
To source voltage Vgsi,, CVdsi)sdt is tne !3 10M"I

intrinsic drain to source saturation voltage, 15S (m/iV.
Vt tne tnresaiol 0 vul tage. ____d__

RG 0.3 Vdszl.Sv

5

S 10 lH&

.(VG~%,,JFigure 3

t - - -- - --tin. 54s~ A) w -I00pm

VC V#_

Figure 2 0
Equivalent CAD mOdel of the 14ESFET ...... .. ..

Tile coefficient cli IS d first order appro-
)Cimdtiof oif tile ratio (W) Of tile fligna

frequency 9d ( >. 10 M'Hz) to the low frequency -

30(4 0.1 Hz). Tne small difference between S .5 1 1.

a( and A . is due bOts to tile feedoack effect .-- e-- HN 1d

of the injected current tnrough cne access i1o0Ht

resistances and to the back modulation factor Figure 4
I-V curves
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4. SIMULATION OF DIGITAL CIRCUITS
1.4 - -i 1.4

Tie effect of the drain lag can be

investigated for digital circuit design. 1. 2

The main conclusions are: Ii

-the impact remains low for a basic DCFL,,
inverter (figure 5) as long as the output --- --------

voltage is clamped to .7 V by the next
S. .. .0 14

inverter (low field conditions).
-when the full Vds swing is needed (output 22

buffers. CML logic), the high output logic 2 .a i 12.

level first switches. then lags to its final TIMEal 2

value (figure 5). Fgr d

1. (Vjjjn - VT
2. (WLin =VT +100 W
3. (Win = VT + 200 mY

YH j" 6  The transient high level (VN/hf) can be

vo estimated analytically witn a simple RC model
for the drain lag effect (figure 6). Under

RL V these conditions, 7 is the mean voltage stored
VL. V, V on the parasitic capacitor Cf. Moreover

~ Rj~fs~VJ= gddc [Vqs-Vt3 gdnf [tgs-VtJ

This leads to:
- V(Hf = Vdd V (0(-1)

_________ + ______

V 1 + 0( Rl /Rf Ok + Rf/Rl

V is directly related to the duty cycle. A

(V) worst case for a low to high transition is =

S- 0 (duty cycle 4().

Fiue5 aL(bc

FFigure s

Simplified R-C model
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Iq

A lagging percentage oq 1 can be expressed as

1 + RI/Rf (vgs.Vtl REFERENCES

I + Q1 (RI/Rf (Vgs-Vt3 (1) K. Rocchi, OStatus of the surface and bulk
parasitic effects ifmi ting the
performances of GaAs IC's, ESSDERC 84'

Rf (vgs) being derived from low frequency (2) T. Ducourant, "3 GHz, 150 mid 4 bit GaAs
measurements, the following data can be ADC, GaAs Symposium 86"
computed : (3) Eastman & Shur, "Substrate current in GaAs
& 0-* O 1 - 1 0,eaa .V -i~ oI . MESFET's, IEEE Trans. on ED, september 79

The coefficient 1 1 has been easured and (4) S. Makram-Ebeid, "The roles of the surface

computed with the complete CAD model. The clock and bulk of the SI subszrate in LF
anomalies of GaAs IC's, IEEE Trans. ED,

period was 1 s for a duty cycle of 10-6. Figure March d5.

7 demonstrates a reasonably good agreement

between estimated, measured and computed data.

It is clear that a buffer follower stage has to
De added to the gate to improve the low logic

level (buffered DCFL) ; moreover high value Vt

should be used (Vt ). 150 mW).

t0E M

Figure 7
* leasured

A c1mptel (€Oplete CAD m3l6)
9I compted (simple R-C rode1 )
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C2.1.2

MODELLING AND SIMULATION Or WAVE PROPAGATION EFFECTS IN MISFIT DEVICES
BASED ON PHYSICAL MODELS

Giovanni GHIONE, Carlo U. NALDI.

Dipartimento di Elettronica, Politeonico di Torino,
Corso Duca degli Abruzzi 24, 10129 TORINO, Italy

Propagation effects along the electrodes of single- and multi-gate MIsFrTs are
analyzed by means of new model which directly exploits two-dimensional
small-signal simulation. The electromagnetic behaviour is characterized through
a quasi-TIM multlconductor line model, and preliminary results are presented
concerning the influence of gate width on the overall device performances.

1 INTRODUCTION problem was questioned and a full-wave analysis

As well known, propagation along the elec- by means of mode matching techniques was propo-

trodes affects the small-signal performances of sed which, owing to its complexity and CPU In-

MISFET devices at microwave frequencies, and tensity, is confined to considering single gate

plays an important role in further deteriora- MESFETs and uses a rather crude model for the

ting their gain. An accurate analysis of such active region [5,6]. Nevertheless, this analy-

effects is therefore essential both to achieve sis clearly suggests that the propagation modes

better small-signal models for the device and supported by MESFET structures are quasi-TEN,

to gain further insight into propagation pheno- and that ohmic losses both within the active

mena so as to reduce their influence by means region and on the metallizations cannot be neg-

of proper design rules. Finally, the analysis lected. Hence, a lossy transmission line equi-

of propagation is relevant to understanding the valent circuit should yield a good electromag-

operation of travelling-wave MESFET amplifiers. netic model. This conclusion Is confirmed in

The simulation of propagation effects in [7], where it is shown how a simple, computa-

MESFETs was addressed during past years through tionally unexpensive, quasi-TEM model is in
a variety of approximate techniques, based on excellent agreement with full-wave analysis.

modelling the device as a transmission line In spite of the progress achieved in under-
directed along the gate electrodes, whose para- standing the electromagnetic behaviour of

meters are derived partly from electromagnetic microwave MESFETs, the small-signal model of

analysis and partly from small-signal lumped the active region employed in distributed

MISFT equivalent circuits. In early works [2) device simulation was often approximate. The

single-gate MISFET were considered and propa- aim of the present paper. is to achieve an

gation along drain and source fingers was accurate and flexible characterization of

neglected; moreover, ohmic losses in the latter distributed effects In MESFITs by coupling a

were not accounted for. These simplifying model of the active region directly derived

assumptions have been shown [6] to lead to sub- from small-signal device simulation based on

stantlal errors In many practical oases, physical models [I] to a multiconductor trans-

Later, single-gate MISFET were modelled as a mission-line model Including all relevant

three-conductor transmission line [3), and electromagnetic phenomena (electrode losses,

finally, attempts were made to model multi-gate effect of both external and internal capacitive

MZESFETs E41. More recently, this simple and inductive coupling between electrodes,

quasi-TIM transmission line approach to the effect of substrate).
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2 THE DISTRIBUTED MESFET MODEL SUC

In order to define the problem, let us

consider a two-gate power NESFET with source: GATE 1 GATE!

air-bridge whose cross-section is shown in DRAIN

Fig.l. Although all active phenomena are

confined to the dashed (active) regions, the

(passive) rest of the device cannot be neglec- "Mir GROUND PLANE'

ted in modelling microwave small-signal opera- Fig. 1

tion. In fact, source, drain and gates are

both capacitively and inductively coupled both EXTERNAL FFICTWE __j

through the substrate and the air; moreover, COUPLING REGION
CAPAC I TANCE ADM ITTANCE

ohmic losses are present In all metallizations, I I C I

and particularly in gate fingers, and an-- S

internal distributed inductance (though often-DISTRIBUTE SOURCE

negligible) is associated to each electrode. ..- COUPLINGf - - -- GATEi1

In order to define the elementary cell of the -- i- - DRAIN

four-conductor transmission line equivalent to .t J ---- GATE 2

a MESFET section, we must introduce the

per-unit-lenght (p.u.l.) admittance matrix and INTERNAL 1ST ACTIVE

impedance matrix of the line. In the case at I CAPACITANCE IADMTTANCE

hand, such matrices read: Dz

(Ia) Y1j - YaliJ * Ya21J + Jw(Clj+C2ij) Fig. 2

(1b) Zij - JwLi + Rij(w)

where Yakij is the p.u.1. admittance matrix of techniques (10]. The frequency dependent re-

the k-th active region (here k-1,2), Cli j is sistance matrix is evaluated as In [11 accou-

the internal capacitance matrix accounting for nting for non-uniform current density distribu-

coupling within the substrate outside the tion within the conductor cross section.

active regions, while C21J Is the external Concerning the active part of the device,

(air) capacitance matrix. The inductance the relevant admittance matrices are directly

matrix Lij can be approximately evaluated in obtained from a two-dimensional MESFET simula-

terms of the inverse of the capacitance matrix tor (HESS, [8]). The steady-state analysis is

in vacuo; the internal inductance of wires can performed by means of full Newton techniques,

oe Included, If significant. Finally, Rij is while small-signal characterization is obtained

the resistance matrix of the electrodes. The by Fourier transforming the time-domain respon-

circuit interpretation of (ia) and (b) is se of the linearized Poisson and continuity e-

shown in Fig.2 . In regard to the evaluation quation. The Scharfetter-Gummel scheme on a

of the passive contributions to Ytj, well known triangular grid is used for discretizing the

techniques are employed to compute Lij and Cjj, continuity equation, while Poisson's equation

such as spectral-domain Green's function is treated by FEM with charge lumping. Both

techniques [9), which are well suited when the planar and recessed-gate devices, with arbitra-

iET Is planar. Complex geometries with non- ry doping profile, are simulated.

planar dielectric layers require the intro- From the knowledge of the p.u.1. admittance

duction of more flexible finite-element (PEM) and impedance matrix, the generalized Kirchhoff
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equations for the line voltage y(z) and current 3 RESULTS

vectors 1(z) read% Propagation modes in multioonductor MRSFIT

struotw'ee can be roughly divided into three

(3a) SV(Z)/Bz - -Zi(z) classes: gate, drain and bulk modes [6]. Bulk

(3b) 31(z)/az - -¥v(z) modes are microstrip-like modes with low losses

and almoet oonstant phase velocity; the all

and the propagation constants of the lines ki - lines are driven at the same potential and

Bi-Imi are solution to the eigenvalue problem: there Is no gain mechanism. Drain modes are

basically high-loss modes whose voltage distrl-

(4) ( k21 - Zy J 1y . 0 bution is odd with respect to gate and source

lines. Finally, gate modes show very high

where I Is the identity matrix, Kv the voltage losses with unbalanced voltage distribution and

eigenvector matrix. From Mv and the oorrespon- built-in gain mechanism. The analysis confirms

ding current eigenvector matrix Mi the charac- the remarks made in [6) according to which

teristic impedance matrix of the line can be MESFET fingers do not actually support growing

computed and the scattering matrix of a multi- waves as In devices with bulk gain. Actually,

conductor line of finite length Is derived by even in the limiting case wherein gate and

means of standard techniques (cfr. [12)). drain fingers are lossless and coupled only by

the transconductance, the current profile on

the drain electrode would not be exponential,

Sbut only linear. This is basically due to the

fact that the gain mechanism of MESFETs acts by

- SOURCE MODE

q ---- GATE 140DE

--------- DRAIN MODE

-- - -~ -

2. 4. 6. S. 10.
F. Me

Fig.3a - Phase velocity " . .-

II II II !I I1 eI
I I

" '. |L I 1, | I I I I

U C -------° ------- -

.'20p
2

,1
4

, 20,u- ~, I' .
I+!$I I rv] I, I~

-----------....-------....

2. .. 1.
F, Q 2. 4. 6. 5. 10.

F. sHE
Fig.3b - Attenuation Fig.3cd - Modal impedances
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shunt Injection of current, i.e. is perpen- analysis of the active region. Preliminary
dicular to the propagation direction. Another results on propagation characteristics are

point which deserves attention is the influence presented, and an example of how propagation

of ohmic losses on gate modes. Owing to the effects can affect the small-signal device

reduced cross-section of gate, this electrode parameters is given.

has very high p.u.l. resistance (up to several

KQ/m), unless special structures are exploited ACKNOWLEDGEMENTS

(e.g. gate air-bridge FETs). As an example, This work has been partly supported by TELETTRA
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behaviour of the admittance matrix of the same 1986 (5) 335

device of Fig.3b when the overall gate [5] Heinrich,W., Hartnagel,H.L., Int. J. E-

periphery W is kept constant and equal to 300 lectronics, 1985(4) 613

um, while the number of gate fingers N, and [6) Heinrich,W., Hartnagel,H.L., IEEE Trans
therefore the length of each finger w, Is MTT, 1987(1) 1

changed. In Figg.s 4a, 4b the Y parameters for [7) Heinrich,W., IEEE Trans MTT, 1987(5) 487

frequencies ranging from 0 to 28 GHz and for [8] Ghione,G., Naldi,C., 3rd Meet. of GaAs

several values of N. Parasitic effects due to Simulation Oroup,,piisburg, Oct. 1986.

propagation are more dramatic beyond 10 GHz, [9) GhloneG., NalaiC., VI Riun. Naz. Elet-

but their magnitude is not negligible even at tromagn. Appl., Trieste, Oct. 1986, 75

lower frequencies. [10] CottrelP.E., Buturla,E.M., IBM J. Res.

Develop., 1985(3) 277

4 CONCLUSIONS [11) WaldowP., Wolff,I., IEEE Trans MTT,
A quasi-TIM analysis of propagation effects 1985(10) 1076

In MISFI T devices has been presented, which [12) Siegl,J., Tulaja,R., HoffmannR., Siemens

directly exploits two-dimensional small-signal Forsch.-u. Entwickl.-Ber., 1981(10) 228
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C2.1.3

ACCURATE NONLINEAR CHARACTERIZATION AND MODELING OF THE GaAs FET

Y. BNNAIRE and E. ALLAMANDO

Centre Hyperfrdquences et Semiconducteurs - U.A. 287 C.N.R.S.
Universitd des Sciences et Techniques de Lille Flandres Artois
59655 VILLENEUVE D'ASCQ CEDEX - FRANCE

Coiitrary to previous icaventioial characterizations and modelisations, which employ
the dc measurements of the drain current Ids(Vgs, Vds), we propose a new mode of
nonlinear characterization of the GaAs FET. This is based on the knowledge of the
voltage dependence of the transconductance gm and the output conductance gd values
measured in the microwave frequency range. This new mode of characterization is thus
more accurate and precise than conventional ones, because the latter are tainted with
errors due to thermal and trap effects, which are parasitic with respect to the
microwave behaviour of the FET. Thus, a numerical integration of the measured
microwave parameters gives us the accurate quasi-static characteristics. On the other
hand, we present an accurate model which takes into account the device nonlineari-
ties.
Finally our method has been used to model a medium power amplifier, in X-band
operating.

I. INTRODUCTION obtaining the microwave characteristics

Conception and optimization of microwave - The knowledge of the analytical function

circuits, using the GaAs FET, require an Ids (Vgs, Vds) does not necessarily imply the.

accurate characterization of the device, espe- validity of the first partial derivates of the

cially in large signal and microwave operating. drain current which are the dynamic parameters

Moreover, it would be very interesting to be gm and gd ;

able to modelize it in the simplest way in - These are indeed the fundamental parame-

order to reduce the computational time for use ters we have to measure accurately (specially

with conception and optimization of both devi- gm), because the microwave behaviour of the FET

ces and microwave circuits (CAO). is strongly dependent on their microwave va-

Many models have already been suggested lues, and on their voltage evolutions, cherac-

a) Physical models using the basic equations teristic of the intrinsic nonlinearities.

of the FET are certainly the most accurate and We propose to show that it i3 possible to

have been very useful to understand the device obtain the quasi-static characteristics, avai-

operation. But the point is they are not easily lable in microwave, from the RF measurements of

suitable for CAO applications, the transconductance gm over a large range of

b) Phenomenological models consisting in bias voltages.

describing as perfectly as possible the dc On the other hand, we suggest quite simple

measured evolution of the drain current Ids as phenomenclogical expressions able to describe

an analytical function of the gate-source Vgs the evolution of gm, and then of the drain

and drain-source Vds bias voltages (1]. current as functions of the bias voltages Vgs

According to us, the latter mode of charac- and Vds.

terization is however not satisfactory enough Finally, we present a theoretical modeling

and this for several main reasons : using those expressions, that we will valid by

- dc measurements are often imprecise ; means of the study of a medium power amplifier,

- Thermal and trap effects keep us from in X-band operating.
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11. ACCURATE NOMIEAR CHARACTERIZATION V"a Of
A. Principle ---- )---

* D~~y using the microwave measurements of the-. - - - -

first partial derivate of the drain current

with respect to the gate-source voltage, we

mean go, we can deduce the quasi-static charac-

teristics by a numerical integration -- - *.

lds(Vgsi) IV&=J1g.Ve. Vs

*With Vgs1 = Pinch-off voltage.

Remark that we decided to use the gm measu-
*rements rather then gd ones because we consider M

*that gm is the most important parameter, with 0

regard to microwave behaviour and nonlinear Fig. 1 Output characteristics Ids(Vgs,Vds) for
proertes f he eviethe NE 673.
propetiesof te deice.dc measuredIFurthermore, by a numerical derivation, we may ~- -quasi-static deduced from

infe frm thse harcterstis th ouputexperimental measurements.
infe fro thse carateriticstheoutpt * theoretical given by our model

conductance

gd(Vgs, Vds) = 3lds/DVds The comparison of those characteristics with

and compare it with the experimental results in the dc measurement results (Fig. 1) exhibits

order to valid the method self-consistence, important differences between the general shapes

8. Experimental set-up of the curves specially for high drain currents,

In practice, the measurement of the intrin- all that tends to prove the non accuracy of dc

sic transconductance gin is accurately made at measurements.

moderately high frequency range (2-4i Gliz) by
V(I MV

using a microwave network analyser (HP 8510). G
After substraction of access elements, do- '

;-2
termined from measurements at Vds = 0, we

deduce the intrinsic elements of the FET

equivalent circuit (2]. That method, which is 7

very fast and doesn't need long computational

time, is very suitable for the determination of

the parameters gmn and gd over a wide range of * -

bias voltages, corresponding to the usual /40 O'N
operating of the device. We so determined the

parameter gmn and gd values every other 0, 1 v 3

for Vgs and every other 0, 2 v for Vda to be 20

able to get an accurate integration. t
C. Results

For example, we show Fig. 1, the quasi- s
static characteristice obtained from experimen- -as5 0 0.5

tal evolutions of go (Fig. 2) for a ca msrcial Fig. 2 Bias dependence of gmn.
sbiomtrFET NE 673 (gae length is Ig - measured

subecramter --- computed (expression (1) with
0,3 Jim). ra.,.18 1 Vo :0.5 ;Vp -0.65 ;a=0.46

Ii b :0.37.I
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III. MODELING OF THE FET for it exhibits very small variations as it can

A. Equivalent circuit be seen from experimental measurements (Fig.

According to the simplified large signal 4).

model shown Fig. 3, we consider that the This model also requires four parameters

intrinsic parameters, determined from smell a, gmo, a and b, that are optimized to provide

signal measurements become nonlinear if we the best average fit of the theoretical to the

consider their evolutions over a wide range of measured evolutions of gin.

bias voltages [3]. Furthermore, we consider two other nonlines-

rities

G 91 Nt2  - NI : Voltage dependence of the gate-

'1F~ T TF~source capacitor classically described by

H L, K, K3 NL, Cgs = Co.(1 - Vgs/)
-

-NL2 : Direct current of the schottky gate

Fig. 3 Model of the FET used in simulation, junction into source or drain circuit.

B. Nonlinear analytical representation

We propose a new nonlinear approach based on C. Validity

an original analytical representation of the Experimental and theoretical voltage evolu-

nonlinear voltage dependence of the parameter tions of gm for a commercial submicrometer FET

gm. Thus, the measured evolution of the trans- are firstly compared Fig. 2. Secondly, we also

conductance gm versus Vgs and Vds given fig. 2, compared Fig. 1 the corresponding evolutions of

leads us to employ the phenomenological expres- the drain current. In those two cases, we can

sion - notice a good agreement between experimental

results and values given by the phenomenologi-

gm(Vgs,Vds)=gmo(Vds).th[a(Vgs+Vo)/Vp]kh(Vds/Vs) cal expressions hereby proposed (1) (3), which

(1) can be considered as valid.

Finally, the consistence of our method is

By mathematical integration, we may obtain a proved Fig. 4, by comparison between gd measu-

new phenomenological expression of the quasi- red and computed evolutions.

static characteristics Ids(Vgs, Vds).

Indeed

Ids(Vgs, Vds) Vp g(Vg's, Vds) dVg's (2)
_Vp 50,

% % VgS (v

(Iso.Ln[ch(a VQgVo)]+gdo.Vds).th(Vds) (3) 40 1 \%
Vp Vs ' o

30 L
with Iso gmo(Vds).Vp/ot

20

Where the drain-source saturation voltage Vs 10
is described by a linear dependence with the - - vds v)

bias voltage Vga : Vs = a.Vgs+b. 1 2 3

Moreover, gdo corresponds to the FET output
conductance in saturation mode. gdo is looked tance gd.

upon as independant from the bias voltage Vga, - measured --- calculated.
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0. Calculation V. CONCLUSION

The numerical treatment of this model con- Contrary to conventional odelizations,

siets [4], at each time, in describing the which are based on do measurements, we suggest

instantaneous value of the gate-source volt"ge, an accurate characterization valuable for both

Further, by using the model proposed, with nonlinear dependence and microwave behaviour of

those nonlinear representations, we determine the GaAs FET. Our model, which will enable the

the instantaneous values of both the drain- description of the microwave behaviour of the
source voltage and the drain current. For this, FET used in great signal condition, has been

we take into account the drain circuit termins- confirmed by comparison between theoretical

tion. Finally, a Fourier expansion gives the prediction and experimental results for a com-

power values of the frequency components. mercial submicrometer FET.

Our model efficiency results from the use of

IV. VALIDATION new and simple analytical description of the

Our new phenomenological expressions propo- characteristics, directly issued from the pre-

sod and our model have been validated in the cise RF measurements. The self consistence of

case of the study of a GaAs FET used as a our method, as well as the good agreement

microwave medium power amplifier in X-band. observed between measurement and prediction make

Indeed, good agreement between theoretical and us fell that it could profitably be used for CAO

experimental results is obtained (Fig. 5) and applications.

small signal gain as well as saturation power

are successfully simulated. ACKNOWLEDGMENT
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C2.1.5

A THREE-DIMENSIONAL MODEL WITH DISTRIBUTED ELEMENTS FOR GAAS MESFETS AND SIMILAR DEVIcEs

W.Wesbeck, S. Haffa and H. P. Feidle

University of Karlsruhe
7500 Karlsruhe Germany

The technological advances in active microwave and mm-wave semiconductors like GaAs-
MESFETs and HEMTs e.g. planar and recessed gate structures will result in the near future in
components with cutoff frequencies of several hundred GHz. For modelling of these elements it is
mandatory to take distributed elements and active and passive coupling into account. To realize this,
a three-dimensional model has been developed, which involves distributed elements, coupling and
wave propagation. The results show the typical effects of a slow and a fast wave propagation in lossy
media with open-ended lines.

1. INTRODUCTION
Modelling of semiconductor devices has gained i

much interest in the last years, as it is shown by nu-
merous publications. The modelling results are giv- Z)

en in the form of S-parameters fairly accurately for &Z R; - R-

CAD of microwave and mm-wave circuits. The stan- - M

dard models for GaAs MESFETs are based on a six XZI CI 4,,,

element equivalent circuit. The inner transistor two-
port is surrounded by parasitic elements of the chip, *(,. I
the case and so on, which in turn form two-ports.[1] d.. '"-Lud(z.Az) - YrU.(zaz)

Models based on this equivalent circuit, or similar .u,(z.,z
circuits, are restricted to frequencies for which IS d,

lumped element equivalents are valid, not more

than 18 GHz to 20 GHz. At higher frequencies the FIGURE 1
model must be able to simulate a distributed struc-

ture. Several attempts were made in the past. So Equivalent circuit for a lossy, distributed gate, drain

Ziel and Ero [2] represented the planar FET by an source structure of length Az

active, inhomogeneous, lossy and capacitively with distributed representation are considered as

loaded line. However, series resistance and field shown in a section of length Az in figure 1. The

dependent mobility were ignored. Ladbrook [3] de-scr~es he hanel a a uas-TE micostip ine model includes series losses, Inductive and capaci-
scribes the channel as a quasi-TEM microstrp line tive mutual coupling between gate, drain and source

as well as field dependent mobility.The transistor
model for an unilateral transistor the influence of the equivalent elements are represented by the M-ma-

gate losses. The influence of the mutual coupling of trix The solution of the problem is described in the

the gate, drain and source electrodes was first re- following steps:

garded by Rn and Hartnagel (51. - Set up of the four differential equations for cur-

rents and voltages from the equivalent circuit of2. FET MODEL WIT DISTRIBUTED ELEMENTS AND fgr ihmtal ope lcrds

WAVE PROPAGATION figure 1 with mutually coupled electrodes.
- Derivation of the wave equations for the quasi

In this paper all elements and effects of a FET
stationary so32tions of 5J and
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FIGURE 2

Schematic model of a transistor chip with distributed elements

- Decoupling of the above wave equations leads
to ordinary, homogeneous differential equa- 3. RESULTS
tions of the fourth order with complex coeffi- Several types of GaAs MESFETs where used for
dents. verification of the above described model. The mod-

The solution of the elgenvalue leads to the char- el contains the basic equivalent circuit elements for
acteristic equations, from which the complex propa- the inner transistor and the surrounding structure in
gation constants - and yow for the two waves are the rn-matrix. These equivalent circuit elements are

derived. The corresponding linear combinations re- determined by the measurement of the bonded chip
suit In the general solution of the problem for JJ,(z) S-parameters in the frequency range of 1 GHz to 18

and .Md(z), from which In turn the currents may be GHz and a fitting routine with an evolution optimiza-

derived. With voltages and currents can be comput- tion. The model for this fitting routine is a small sig-
ed the characteristic Impedances of the resulting nal representation for the bonded transistor with a
four-port and the four-port Impedance matrix. maximum of 23 equivalent elements. As far as ap-

To apply this general solutions to a standard plicable the equivalent elements are used in the (Y]-
GaAs MESFET with two gate pads (e.g. NE 04500) matrix. The results of the following diagrams were

and a symmetrical connection, four open-ended derived for a NE 04500. They all rely on measured

gate Ines have to be connected in parallel. Each of S-parameters up to 18 GHz. To illustrate how active

them is actively and pasively coupled with drain and passive coupling of the lossy gate, drain and

and source as demorstrated In figure 2. source lines with finite length influences the tran-
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sistor, measured S-parameters are extrapolated up major influence can be recognized for input and
to 40 GHz with two models: output reflection coefficients. As expected the dis-

- first the small signal equivalent circuit model is tributed theory results in a higher frequency depen-
used for parameter fitting with concentrated el- dence. Due to the coupling the isolation gets worse.
ements. Viewed overall it can be argued that above 30 GHz

- second this theory with distributed elements for this type of FET a distributed model has to be
and mutual active and passive coupling be- used.
tween gate, drain and source. On the same basic as mentioned before, the dis-

The inner transistor model does not differ signifl- tributed model is used to calculate the frequency
cantly in both theories. Figure 3 shows the results. A dependence of the propagation constants ya and

. ...... ... . .

ut ".........

13. .30.3

_-J
3.50 -

FIGURE 3

Comparison of modelled and measured S-parameters
measured 1 -18GHz

o o o concentrated elements for modelling 1 - 40 GHz
x x x this theory with distributed elements
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u-ow* 800 lm (Wou w 1/4 WG - 200 pm). The results are
Finally the normalized gate and drain voltages shown in figure 4. Significant effects can be recog-

are computed for frequencies up to 200 GHz. The nized at around 150 GHz, far beyond the use of

same equivalent circuit elements are used as be- these transistors today. There the gate voltage is
, fore, but the gate width (W.) Is Me from 200 j~m to

f tif 2dropping, while the drain voltage Increases, a
' ' typical resonant effect.

U (Z) 4. CONCLUS"O

The comparison of several models for GaAs

MESFETs, HEMTs and similar structures has
shown, that their validity to higher frequencies may
be limited. This is true above 20 GHz to 30 GHz,

when mutual coupling and the distributed character
0 /oof the gate-, drain- and source structure is neglect-

ed. At far higher frequencies resonance may appear
in the channel. Further studies should involve the

inhomogeneous structures and higher order propa-

200 gation modes.
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D2. 1.1

INTRINSIC GUTTWRXNG :8335 OR NONSW)B3 ?

J. Vanhellemont and C. Claeys

Interuniversity Micro-Electronics Center (IMEC),
Kapeldreef 75, B-3030 Leuven, Belgium

The implementation of intrinsic gettering in integrated circuit
processing is discussed in view of new insights in the parameters
influencing precipitate formation in silicon and in the dependence
of the yield stress on point defect concentrations.

1. INTRODUCTION gettering techniques although at first

During integrated circuit processing sight of completely different nature,
metallic contamination is inevitably can be understood by assuming the same

introduced onto the silicon surface and gettering mechanism consisting of two

in the near surface layer. Most of these basic steps. During the first step a

unwanted impurities are fast diffusers concentration pulse of silicon self-

but have a solubility that decreases interstitials is created which causes a

rapidly with the temperature leading to dissolution of the metallic precipitates
the formation of a large number of small present in the active areas. These

precipitates during cooling after high mobilized metal atoms then diffuse

temperature indiffusion. The presence of rapidly towards an intentionally

these precipitates, which are very introduced strained area where they

efficient lifetime killers, has a reprecipitate mostly in the form of some

detrimental influence on the electrical type of silicide phase. Based on this

performance of the integrated circuits. idea a more quantitative description of

Several techniques have been developed gettering was recently developed by the

to getter these metallic impurities in present authors [3]. This novel approach

areas where their presence h-s no uses and extends a general expression
influence on the operation of the for the critical radius for

devices. An extensive review on the coprecipitation of silicon and one type

interaction of extrinsic and intrinsic of extrinsic point defect (e.g.

point defects and on their influence on interstitial oxygen) [4] to include also

dislocation phenomena in silicon can be the coprecipitation of two (or more)

found in reference [I]. We will limit types of extrinsic point defects (e.g.

ourselves here to a brief discussion of oxygen dnd carbon) with silicon. For

the problems related to the spherical precipitates P in a matrix M,
implementation of intrinsic gettering in formed by the coprecipitation in a

complete device processing. compound My(Pi)%1 (P2 )z2.. (Pn)zn of n
"precipitants" Pj (i - l,...,n) present

in a concentration Cpj, this leads to the I
2. TYE GTTRZXG ICNIANZSK following general expression for the

critical radius rc
Recently Ourmazd (2] showed that moat
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20 high temperature oxygen outdiffusion
rc EkT c)7 6 step to create an oxygen lean layer

- in l (a(p) - 6ih where during the subsequent lower

V Itemperature steps no oxygen

' 2 5 precipitation and thus no bulk defect
fl - (-a) (-) () (1) generation will occur. Mostly this high

CF1  S2  CP, temperature oxygen outdiffusion step is

with 0 the interface energy per unit followed by a low temperature

area, Up the volume per precipitate precipitate nucleation step which will

molecule, y and 0 the number of self- determine the oxygen precipitation

interstitials and vacancies absorbed kinetics and thus the gettering

from the matrix per precipitating efficiency during processing. By fine

molecule, IL the shear modulus, 8 the tuning the (low = soaking)/high/low

linear misfit, e the "constrained temperature sequence one can obtain a

strain", and E - (1 - e)-3. wide range of bulk defect types and
densities.

By considering the sign of the volume

change AC - Up - yQK for the different

possible precipitate phases one can 3.1 YXILD STRESS EVOLUTION DURING

SZLr-INTERSTITIAL INJECTION
predict which phase will dissolve by an

intrinsic point defect pulse. The A problem that has been somewhat

character of the intentionally strained overlooked is the fact that although a

area, i.e. tensile or compressive denuded zone free from extended bulk

stresses, then determines the phase in defects is obtained, the high mobility

which the mobilized contaminants will and long lifetime of the self-

reprecipitate. This strained getter interstitials that are massively

region can be located at the surface generated in the bulk will also increase

(frontaide gettering), in the bulk the self-interstitial concentration in
silicon (intrinsic gettering) or at the the active areas of the devices. This
back of the wafer (backside gettering). increase of the self-interstitial

concentration C, above the thermal
3. INTRINSIC GETTERING equilibrium value C*I will increase the

Intrinsic gettering is based on the chemical (and thus the total climb)

simultaneous generation of a self- force on a dislocation nucleus. In

interstitial pulse and of a highly defect free substrates under constant

defective and strained layer in the bulk external stress, dislocation nucleation

of the silicon wafer typically some 20 is governed by the internal climb force

i m below the surface, by a controlled

precipitation of interstitial oxygen.

For this purpose high oxygen content k ln (

wafers are used, also with the hope 
of Fni 1 r 3 C(

keeping some of the superior mechanical with b. the edge component of the Burgers

strength of this material during vector b, 1 the interatomic spacing

processing. The defect free surface between the (111) glide planes, and a
layer (the denuded zone) is created by a
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constant depending on the crystal
structure (for Si, 1 1). C T (K)

5 1 14.8 073

The general yield formula in case of 0

an inert anneal of oxygen rich CZ - 3

silicon is given by [5,61

Y YO bk CI(T)
F (T) = Fy 0 (T) - - T Inno;3 0 0

C1

0 2t
bk C1FY*(T) - FF (T) -- TlIn-- (3

;1 n* €I (T)

with FYne the external climb force 3

required for dislocation generation (-

yielding), FYnFZ the external climb force C(1017cm -3 ) 10

for yielding in perfect FZ material,
FY0 ne the external climb force for Figure 1

yielding at time t - 0, C01 the Observed upper yield stress FY, as a

function of AC and of the starting
concentration of self-interstitials at interstitial oxygen content C [6].

the beginning of the thermal anneal.
Analytical expressions for C, can be processing or warpage induced substrate

obtained for inert anneals of oxygen- defects (figure 2b) lowers the overall

rich Czochralski silicon [6]. device yield.

This influence of the amount of

precipitated oxygen AC on the yield 3.2 INTRINSIC GZTTZRING STRATEGIES

stress is illustrated in figure 1. To dissolve the metallic impurities

by an increase of the self-interstitial

Intrinsic gettering thus tries to concentration two strategies can be

reconcile two conflicting mechanisms followed : either one opts for a rapid

resulting from a silicon interstitial oxygen precipitation at the start of, or

concentration pulse: a beneficial one immediately after, a "dirty" processing

which consists of the dissolution and step, or one chooses a more gradual

gettering of metallic precipitates and a precipitation throughout the complete

detrimental one by the lowering of the processing sequence. It is clear that

yield stress by the increased self- the first option, which one should

interstitial concentration. For each choose when metallic precipitates are

type of technology and processing already present, increases strongly the

conditions there will thus be an optimum posjibility of homogeneous defect
of precipitated oxygen ACopt resulting in nucleation which can result in a lower

the highest device yield. This is device yield than compared with the

schematically illustrated in figure 2a gradual one. This was indeed observed

which is based on the work of experimentally for bipolar processing as

Jastrzebaki et al [7]. For AC < ACopt, illustrated in figure 2a.

the gettering action is incomplete while
for AC > ACopt the increased density of
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a 4. CONCLUSION

The present paper illustrates that
the implementation of intrinsic

0 gettering in complex processing
sequences is not that straightforward.

The decrease of the yield stress by the
i intrinsic point fluxes that are

kwi ew generated during oxygen precipitation
gsttin flm edge dio c atIi ns  may jeopardise what is gained by the

dissolution and removal of contaminants
0 2 4 6 8 10 12 from the electrically active areas. A

pmeft&doxygen AC (1Oexp17 cm.3) gradual oxygen precipitation approach
p tx 0 1  

with an adaptation of the amount of

b precipitated oxygen to the level of
metallic contamination seems to be the
most promising one.
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ductors", ed. von Bardeleben, H.J., Mat.

The gradual approach should be used Sc. Forum Vol. 10-12 (1986) 757
to prevent any formation of impurity
precipitates during processing of clean [6] Vanhellemont,J. and Claeys,C.,
substrates. By keeping a (not too) high accepted ' for publication in J.

Electrochem. Soc..
supersaturation of self-interstitials,
the metallic impurities remain in their

[7] Jastrzebski, L., Soydan, R., McGinn,
mobile interstitial status and will J., Kleppinger, R., Blumenfeld, M.,
diffuse rapidly to the SiOx precipitates Gillespie, G., Armour, N., Goldsmith,

B., Henry, W. and Vecrumba, S., J.
and the associated lattice defects. Electrochem. Soc. 134 (1987) 1018
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LIFXT=M ENOINING BY OXYGEN PRECIPIATION IN SILICON"

M. L. Pollguano and G.1F. Carofot"

SOS M~reerac,20041 Ara$* 0, Ihaly

H. Deside sad C. Clary

IMEC, Kapeldreef 75, 3030 Bavari, Belgium

~ I j. Rme

Wancker Chumitronic, 826 Burghausen, Went Germany

This work studies the preannealing step at high (HI) and low (LO) temperatures for internal gettering in

attvehices eget te oingcon lusions1) LOnpretrotmnts rdc an sicrase ofm Jncts

HI-LO preanneals an optimum high temperature treatment can be found, which gives lower amount of
defects with respect to non-preanneoesd wafer, reproducibly from lot to lot; 3) in HI-LO preannealed
wears the reconbinatlon lifetime Increases with increasing the oxygen diffion length of the high temper-
ature pretreatmesnt; the electron diffusion length in the bulk decreases with increasing initial interstitial
oxygen concentrationi; 4) oxygen precipitates are not effective getter site* for metal impurities.

1. INTRODUCTION Table 1: nt-p diode process.

in this work we study: 1) pre-annealing step for the 9 Fis oxdaion and SisN4 deposition
formation of a high quality dsnuded sons (DZ) in mediumn * Mask (defines active sone) and field ion implant

oxygen content silicon; 2) the defectiveness of 'optimm' DZ 9 Field oxidation, 920C, a.. = 7000A
compredto he ne f no-prannale waers;3) he nfl- eSiaN4 etching, first oxide etching

compredto te oe o nonprenneaed.woh; 3)theWin Gate oxidation, gate oxide annealing, oxide etching
oneof initial interstitial oxygen concentration [01) on the 0 aiion am aget 611 mie , 50 keV2

electrical performance of the test devices; 4) the gettering Rxidationdamage anneal,,5W.,=N302

effectivenss by oxygen precipitates compared to the one by 0 SiO2 : P30S deposition and densification
dopig an segegaion naaingo Mask (defines contacts), oxide etching, back oxide etchingdopig an segegaton anealng. P predeposition, POC1a, 920*C, V11I 4 fl

The test devices are two n+-p junctions, one with an ars a Reflow anneal, 1050C, N2, 5 mnn

6.25 - io 2cm2 and a perimeter 1 cm ('area diode') and o Segregation anneal, 8006C, N2, 1 h

the other with arem 1.25. to-cm2 and perimeter 62.4 cm e AI:S! sputtering, mask , Al:Si etching and alloy

('perinuteir dsoda) The diode prem lhated In table 1, The final junction depth Is ahout 0.35pm.
includes an external gettering by phosphorus predepoeltion

and sspegtomannealing at SO C for 1h. 2. DZ ORMATION

The diodes have been tested in revese bias condition to de- The slices were p-type, Csochrals grown, (100) ori-

tormnime thme leayer defactiveness: the most freqiuent value of ented, 10 cm diameter, 16 - 24 ni cm resistivity, and [Oil

leakae cu-rea, is assumed as the typical vlalue of the po was in the range 7 ± 1.5- 101'cm- 2 (masured, by infrared

cowe and a diode i defned to be defective whent Ito es e absorption jpectrometry, new ASTM units); carbon concen-
current exceeds by mosthain one order of maignitude th tratlon was below or around the detection limit (10 1 cm-).

typical value. Both forward and reverse charcteristics of The prajiminar experiment consisted In comparing LO-

the typical diode hae" bean obtained and elaboratedl to get HI pamaoeeed diodes with li-LO one [1,21. The prelimi-

5aertionSWScoohstbloti lftime In tho denuded sone and am choice was: LO: 730C, 8 k No; HI: lOWO*, 2kh, 4 h, 8kh

the electro sfitive dilasim nth. or 1100C, 55 mli, I1k 45 min, 3k h 35in, N2 + 5% 02 or

* *Thl work was partially supported by the European Eiconomic Community under the ESPRIT program *Substrates for CMOS
vusr.
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100%0s. The durations of the high tenperature tretments this results further in a reduction of perimeter defect density

were so chosen that the oxygm diffusion lengths at 1050C (table 3).
and 1100C wer equal to one another [3] (2 h at 10500C i- The seeming anticipated breakdown is much less frequent in
5 min at 1100"C, etc). LO-HI pretreatments produce an epitauial substrates than in standard, non-preannealed sub-

inrease of both area and perimeter defect density (SA and strates: for epitaxial substrates Sp =3 -.10-4-4 • 10-scm- ,
8p; oe table 2). with an average value of 2- 10-scr -1 , comparable with the

Table 2: Defect density of wafer. value obtained in RI-LO preannealed wafers by the longest
HI pretreatment. These facts suggest that the seeming an-

ticipated breakdown is related to the presence of oxygen in$A/m-  S/,/cm -1

a layer dose to the surface.

Structurally, the layer has been observed both by scanningLO-HI 1.7 8.10
-

3

HI-LO 0.6 4.10- 3 electron microscope (SEM) and by transmission electron mi-

not preanneeled 0.9 6. 10- crosecopy (TEM); when precipitates are Irge enough, these
techniques give the same value of denuded sone (DZ) thick-

Are* and perimeter defect density of preanneeled and non- ness. Typical defects observed by TEM in the bulk of LO-
preaiuealed wafers. About 500 diodes per group weo Ml preannealed wafers are: plate-like amorphous SiO. pre-
tested. cipitates with prismatic punching, small precipitates (500 -

The second step concerned the analysis of the effect of 700 A) with density 10"c m - S, large dislocation loops, and

the duration of the HI treatment [(2 - 8)h at 1050°C and stacking faults with diameter 1-10pm (fig. 1). Also in Hl-
55 mm -6 h at 1100*C] in HI-LO sequences. It has been LO preannealed wafers oxide precipitates with prismatic punch-

found that this preannealing has a rather small effect on am ing and irregularly shaped dislocation loops are revealed, but

defect density, but a sensitive effect on perimeter defect den- bulk defects are much less dense. The density of bulk de-

sity (see table 3): in wafers preannealed at 1100*C for 6 h fcts is sometimes very low, so that it cannot be estimated

(oxygen diffusion length 2V/D'I = 34pm) the perimeter de- by TEM inspection; a bulk defect density of the order of

fect density is the lowest and most reproducible; for shorter 109CM -
3 has been found for initial interstitial oxygen con-

oxygen diffusion length and in non-preannealed wafers the centration of 8. 101cm-s (close to the upper limit of the
perimeter defect density is higher and disperded over a wider range in study).
range. No influence of the annealing eaviroment was found.

Table 3: Defect density of EI-LO preanealed wafers.

lot-to-lot typical
2VD!i/pm dispersion value

14 0.9 - 12.10-2 3.6.10-3
20 < 0.4 - 13.10-

3 5.4.10 - 2
28 0.9 - 16. 10-3 3.9.10- 8
34 0.4-4.10- 1.7.10-

not presnnealed < 0.2 -55 10- 3 6.10- 10roM

Most electrical defects in LO-EI preanmealed wafers ae due FIGURE 1
to a seaming anticipated breakdown, in the reverse hiss Typical defects in the bulk of a LO-HI preannealed wafer.
rm 10 - 20 V, the correct breakdown voltage (BV) being
20 -23 V. The krward characteristic is not affected by this The minority carrier effective diffusion length in the neu-
defect. This behaviour Is sometimes observed also in non- tral bulk region, L.A, has been obtained from the dif.
preennesled wales, but usually in perimeter diodes. EI-LO sion component of the forward current density of the diode;
prefteaveaks reduce the number of such defects, provided both for LO-l and for HI-LO pretreatments Lf increases
that the dtion of the Ml annealing is long enough, and with the oxygen diffkon length of the HI pretreatment
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(table 4). For LO-HI preteatments Lff is comparable to Th~e preIam5 results ame an averag ov all oxygen con-

the denuded sonw thickness Lbg, while for HI-LO prt~rea- tents in the specified range. The subeequent analysis con-
mudts ,f is larger by one order of magnitude. By assuming cerned th, role of oxygen concentration. Slices with nme.

2vo= Luz, the electron diffusion length in the deflective sred oxygen content (in the sum range as above) were pre-
bulk goe Lb can be calculated; Lb isi n the range I-l0m annesal according to the 'but' pretreatment: a) II00C,

for LO-HI pretreatments and W020431ftfor HI-LO pretreat- 6 h, N, + 5%02; b) 7301C, 8 h, N2; c) 1000*C, 5 h, 100%

meats. dry 02. When (01] varies In the specified range, no signfi-

Tabl 4:Denued onecant variations are observed in defect density of preannealed

__________________________wafers and in the percent variation of interstitial oxygen con-
LO-HI HI-LO centration A[01] after the preannealing, step (4[011 :5 5-

2V'D-t ~z eff L~z Lff10%). Also the recombination lifetime in the space charge
2~/Di LD Le LDZ Lenregion is independent of [Oil in the considered range, vary-

14 17.5 20-23 16 90:±130 ing fromii6 -104stoS -10-
4 g.

20 22 36 20 140 :L 30 However, the electron difition length in the bulk is strongly
28 29 27 - 33 30 150 ± 50 influenced by [Oil (fig. 3): for preannealed. wafers processed

34 39 10 ~ TOaccording to table 1 Lb decreass with increasing oxygen

concentration for [Oil > 7.- 1017cm'-, starting from the typ-
Denuded zone thickness measured by cleavage, Secco etch- iclvueo n-raeldwfrs
ing and 5114 inspection is compared to the oxygen diffison iclvueono-ranaewfrs
length for the high temperature pretreatment and to the ef-
fective electron diffusion length, All lengths are expressed 3. GETTERING BY OXYGEN PRECIPITATESf in Min. The typical dispersion in LDZ is of the order of a few
microns. In order to evaluate the effect of the segregation anneal-

ing (SA) [4,5] on the behaviour of preannealed wafers, we
selected preannealed wafers with the sam values of (Oil and.

AJI]; some of them did not undergo the segregation anneal-

L0 with external
:AM [0 0 gettering
[200 0

I-no exter- 0
L nal

0~~~~ ~ r .... .... .... .... 100 gettering 03
0 10 20 30 40 u

2VZ7i/Am o a 0

FIGURE 2 0 ,.. ,I,,

Rscombination lifetime in HI-LO preannealed wafers vs. the 6 7 817M-
oxygen diffusion length for the high temnperature preanneal-[~/O 7 m

The econbiatin lietie i th spae carg reion Electron diffuson length Lb in the bulk of wafers prean.

Shas been obtained from the recombination component nealed according to the optimnised preannealing sequnce.

of the forward area. current density. For HI-LO preannealed va. initial [Oil. o and o: process shown in table 1; D and
n the sam, except that the finad external getterinig step

wafers r,. Increases when the oxygen diffusion length in- (phosphorus predapoeltion and segregation annealing) was
crease (ftg. 2); the typical value of non-preanineWa wafers not carried out. Samples * and a had the sam value of

(abot 15)1*reahedafte 6 at1100. Fr L-HI r.- [Oi and of A(0,j (A1(Oil = 0.5 - 1 cm8). Z% was calcu-
(abot Ino)Is rachd ater6 h t 100*. Fo LOHI ro lated assuming a Spin denuded gone (obtained from TEIS

anneels the recombination lifetime Is In the range 2-3. 10-go. Inspection).
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jag te.In thane wafers Lb Is lower than a half the value in LO-HI preasiled, wafer have low rocomlation lifetime;
Mafne whihudewent segregation Wamig f. 3). Sly. these wafer give a leakage comeat of ljsA/an2 ,' which is
Hear results we obtained Nf so phosphorus predepositlon but unwapby high for several mcolectronic application.
a* a segregation aneaJing is perfoermed or if no gettaring i'l 6. Exera geten in LO-HI preannesled wafes.

by dopinag and sgrgation annealing Is performned. Thuose______________

Resulta show that gterisg by Pkoq&.vu doping and esei- _____________________

#ais- sfn sao q*6 fie ipii sy a Vgn/
at leas fo inta nesiil xgncnet LO-HI no preannealII tic. In the conidesod range.

P predep+ SA 2-3-106 1-3 .10-3
Table 5: External gettering in HI-LO preennealed wafers. n ia etrn .i- .1~-.0

preanneal final gettering steps R .Ariecombination lifetime in LO-HI preannealed and non.
cm Ctpreannealed wafers with and without gettering by phospho-

rus doping and segregation annealing.
yes P predep +SA 0.6 1.7-10-3
yes no Ppredsp, only SA 15 3-10-42CNLUIN
yes no final gettering 15 2.10-2
no P predep + SA 0.9 6- 10-3 Preannealing steps for the formation of a high qual-
no no final gettering 14 > 5.5.-10-2 ity denuded sone in medium oxygen content silicon have

been studied. LO-HI preannealed wafers have been shown

Are and perimeter defect density in HI-LO preannealed to have higher defect density than non-preannealed wafers.
and non-preannealed wafers for different choices of the fintal The HI pretreatment has been optimised for HMAO pre-
gettering steps. The optimised preannealing sequence has
been used. treatments; a pretreatment has been identified which gives

wafers with lower and more controlled defect density than
j The results in fig. 3 concern only the behaviour of good non-preannealed wafers.

diodes obtained by different gettering processes. Besides, In HIl-LO preannealed wafers the electron diffusion length in
in absence of phosphorus predeposition the defect densities the bulk decreases with increasing initial interstistial oxygen
are very high both in preannealed and in non-preannealed concentration; the recombination lifetime in the denuded
wafers (table 5); only a small reduction of 6p is obtained by zone increases with increasing oxygen diffusion length.
the preanneeling sequence. When no gettering by phospho- The gettering efficiency of the defective bulk sone has been
rus predeposition and segregation annealing in performed, teted; it has been found that oxygen precipitates are not ef-
both in preannealed and in non-preannealed wafers defective fective gettering sites for metal impurities, and gettering by
diodes often show a 'soft' reverse characteristic (attributed doping and segregation annealing is still necessary to control
to metal containation [6J), which is very seldom observed the electrical performances of devices. Therefore, the main
in presence of phosphorus gettering. These facts show that result pf a correct preannealing sequence is to prevent from
gettering by oeiue p I~ei isioe 18 not able to presnt oxygen precipitation in the surface layer.
fromt elecrical defects.
As LO-HI pretreatnmnts have been found to produce a higher REFERENCES

density of bulk defects than HI-LO ones, more getterlng .1- 1 . T. Y. Tan, E. E. Gardner and W. K. Tice, Appl. Phys.
ficlancy, could be expected from the deective bulk son@ cre Lett. 30 (1977) 175

ated by a LO-HI preanineal; In fact, we observed decorated 2. E. M. Murray, J. AppI. Phys. 55 (1984) 536

bulk defects by TIM inspection in absence of phosphorus 3. F. Shimura and H. Tsuya, J. Electrochem. Soc. 129
gattering. Despite this, tabl 6, which compare the recoin- (1082) 1062

binatlon lifetime in the space charge region obtained In LO- 4. L. B"ld, G. F. Cerofolini, G. Ferla, and G. Prigerio,
KII preseneeled and non-preannesled wafer with and with- Phys. Stat. Sol. (a) 46 (1978) 523

out gettering by phosphorus predepositlon and segrgaion 5. L. Baldi, G. F. Cerofolini and G. Ferla, J. Electrochem.
aneling, shows that also a heavily defective bulk sonw, as Soc. 127 (198) 164

thoe crsatedl by a LOW preasaneel, has a very poor get- 8. A. Goetsberger and W. Shockley, J. Appl. Phys. 31

tring alklacy. In fac, in absence of phosphorus gettering (1960) 1821f
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D2.1.3

A MODEL FOR OXYGEN PHASE TRANSITION KINETICS IN CZ GROWN
SILICON AND ITS APPLICATIONS TO IC PROCESSES

M.Pagani

Dynamit Nobel Silicon SpA, 28100 Novara, Italy

W.Huber

Dynamit Nobel Silicon Technology Center, Sunnyvale, CA 94086

A model for oxygen precipitation in silicon at high temperatures has been develo-

ped and tested succesfully on different low-high treatment. The model was then
extended to multistep treatments and tested on CMOS/NMOS processes simulations;

trends are correctly predicted.

1. INTRODUCTION formed and the model adapted to multistep TT.

VLSI device manufacturing requires tight con-

trol of physical features of silicon wafers,that 2. EXPERIMENTAL

becomes very important for oxygen for its impact Samples used in this study were boron doped,

on device attributes. Oxygen content in Si can (100) oriented polished wafers,125 m in diame-

be controlled anywhere between 5*10 17-1018 at ter and 20-60 ohm cm in resistivity. Oxygen con-

-3cm . Such values exceed solubility at all pro- tent C, was measured with FTIR spectroscopy ac-

cess temperatures and oxygen precipitates for- cording to ASTM F121-83. Samples were chosen to

ming a Si-O phase 1 ,2 during device processing. obtain a uniform distribution of C. between 6

Precipitates have a negative effect in the acti- and 8*1017 at cm
-3

ve device zone where are linked to generation/ In 2-step TT samples were annealed in N2 for

recombination centers3 '4 ,while they act as get- 0-8 h at 650-850 0C and then for 0-20 h at 1000-

tering centers for impurities in the bulk. 1150 *C. CMOS/NMOS simulations reproduced all

Modeling of oxygen precipitation (OP) is then process thermal steps without lithography,LPCVD.

of great interest because it permits to tailor implantations. Oxidations were performed in 02

the wafer properties for maximum device yield in or H2/02 , other steps in N2 .

a given process without costly experiments. Residual oxygen was measured with FTIR spec-

In this work OP has been studied for diffe- troscopy. Precipitate density was measured on

rent initial conditions and thermal treatments cleaved cruse sections after 5' Schimmel etch.

(TT). The qffect of a 2-step TT was firstly stu-

died. A model involving homogeneous nucleation
5  3. DESCRIPTION OF THE MODEL

6
and diffusion limited precipitation has been 3.1 Precipitation at constant temperature

developed to interpretate the results. In a se- In order to model OP in MOS processes we will

cond time the influence of CMOS/NMOS processes first analize OP in 1 step TT at constant tempe-

on OP wee studied; thermal simulations were per- rax..rs. The following assumption are made:
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* OP occurs only if oxygen nuclei (generated du- * A multistep TT is considered as a single TT;

ring crystal growth or low temperature steps) in this way K. is discontinuous at each step

are present with density N.. boundary for changes in temperature or No .

* OP is caused by nuclei growth via spherical The residual concentration within each step

diffusion of oxygen atoms, can be computed from (1) introducing a time

* During growth precipitates keep smaller than shift t* at each step n, defined by
n

the mean distance among nuclei.
(6) t*=((K /K )-1)t + (K /Kn) t*

The precipitated oxygen frection,defined as n-1

Sp(t)=(Co-C(t))/(Co-Cs(T)),were C(t)=residual where K ,t kinetic constant and length of step
n n7

concentration at time t,Cs=solubility ,can then n. t* takes into account that different Ko pro-
n

be expressed as duce the same OP at different times and that

(1) Kt =H(Sp
1/3) C(t) is continuous at each step boundary.

(2) H(u)= n - +--u+--- 3 artg 2u+1
.............. 4. RESULTS AND DISCUSSIONu=-2u+1

+ 0.9068 4.1 OP after low-high TT

In fig.1 observed Sp is plotted vs reduced
where K, is a kinetic constant time Kot using the observed No values. All data

(3) K,= D(T) N 2 3 (36 V, (C,-Cs))1 /3  cluster around the theoretical curve (solid li-

ne):this is a first test of the model's validity.where Vo=oxygen atomic volume in the precipita-

te,D=diffusivity at temperature T. From (1),we

Initial oxygen: 5.6 - 0.25 1917at Cem
3

see that choosing Kot as time variable OP kine- Nucleatilon: 658 .2C for 8/B h

tics is the same for all TT and initial condi-
o . Bo IM C IsU

tions. 185 C 9

No is given by homogeneous nucleation theory, 1 1 use c 10h

Js(t.(et/t) 0 1153 C *h
(4) No= ) .4 0 03 i

2- e%-Eo/(T(1-T/Ts)2) U 2

(5) Js= doD C6

where t,=incubation time,Js=nucleation rate,J,, IE-2 IE-I IE 0 IE I
Reduced time Kc t

E. material constants,Ts=solubility temperature

when C. equals Ca. FIGURE 1

3.2 Precipitation during multistep TT Diffusivity calculated from (2)-(3) is in

8The model is extended to multistep TT with good agreement with published data (fig. 2).

the following assumptions: Analysis of oxygen nucleation is beyond the

* Steps below 850 OC generate nuclei according aims of this work,but an extimation of nuclea-

to (4)-(5), with C(t) instead of Co,but no OP. tion rate was made to compute nuclei formed du-

Nuclei formed during CZ growth are neglected. ring nucleation steps. A best fit of (5) gives

The effect of temperature ramps is neglected. Jox7.94*10 11 cm K and E,=1082 K.

340II



Table 1. Typical CNOS process thermal steps

Tamp (C) * Pad oxide, 500 A , 950 *C
* Nitride deposition, 200 A, 780 *C

-s 1218 1188 1880 * Field oxide, 5000 A, 950 *C

* Well diffusion, 1150 OC
* Gate oxide, 300 A, 900 "C

1 * Polysilicon deposition,5000 A, 650 OC
i I-lae •* Source and drain diffusion, 1000 *C

, * PVAPOX deposition, 415 OC
* PVAPOX densification, 900 OC

* Metal forming, 450 °C

* Final passivation deposition, 415 °C
ie

6.8 7 7.2 7.4 ?.G 7.8 -Typical C MOS process

10 41T (K-) Modified C MOS process
123 4 56 ?

c - I Pad oxide

FIGURE 2 III I 2 Nltrid7 ? iI iIll
3 Field oxide

4.2 OP after ?40S/NMOS process simulation u 6 II .. I 4 P-well
c " 'l,. S G a t e o x i d e

A first group of samples was submitted to the OiE 5 Ii ". IGtI d
u I 6 Poly

CMOS simulation of Table 1. After each step wa- .4 II

fers were cooled to room temperature. A second - 3 metal

group ("modified process") was treated for 4 h 2 , , ....
0 5 10 15 20 25 30at 700 °C before the simulation,to study the ef-

Process time (h)
fact of a prenucleation on OP;in this case pad

oxide was grown at 1100 °C to obtain an accep- FIGURE 3

table denuded zone depth. o Typical C MOS process
o Modified C MOS process

In fig. 3 the mean C(t) is plotted vs process

time;after a typical CMOS process OP is 15% whi- c = 5 0 0 0
cU 0

le after the modified process OP reaches 60%. 0 4
xrm 00

The determining step is then the well diffusion. 0 3 o 0  o

In fig. 4 precipitated oxygen is plotted vs 810 a

C.;solid lines are the model's predictions;OP a a

trend is correctly predicted by the model. Pre- u l C Oa" WL? 0
0  a 0 0

nucleation reduces OP scattering for a given Co . a u 0
6 6.5 ? 7.5 8

A third group of samples was submitted to 6 6.5 7 a. 3

NMOS simulation (steps of Table 1 without well

diffusion). A modified process was run with a FIGURE 4

fourth group as for CMOS.

In fig. 5 the mean C(t) is plotted vs process OP.

time. After a typical NMOS process OP is negli- In fig. 6 precipitated oxygen is plotted vs

gible,while after the modified process OP rae- Co . Solid lines are the model's predictions;al-

ches 30 %;well diffusion has a strong impact on so in this case OP trend is correctly predicted.
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Prsnucleation doesn't reduce OP scattering,be- ci; this item has to be implemented.

cause the shorter NNOS process time don't per- In any case a good extimation of OP for dif-

mit to level OP in samples with different grown ferent process technologies can be made and this

in nuclei densities. permits to design the substrate 's characteri -

-Typical N MOS process stics in order to maximize OP and~ intrinsic get-
- Modified N MOS processtri.

S12 34 5 6 eig
c I Pad oxide
.~ 8 ~I2 2Nltrld.

3 I Field oxide REFERENCES
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A moel or O insilion as ben evelped This work was realized with the partial support

to predict oxygen kinetics during high temperao-h tla osgiaNzoaedlaRcr

ture TT and tested succesfully on2-step TT. The ce

model was then extended to multi-step TT and

tested on COS/NMOS processes simulations;data

are fitted well by the model.

Precipitation scattering can't be explained

by the model it's probably due to growk~ in nu-
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D2.1.4

INFLUENCE OF INTRINSIC GETTERING ON SILICON RECOMBINATION PROPERTIES AND
THEIR RELATION TO DEVICE PERFORMANCE

Martin KITTLER, Hans RICHTER, and Winfried SEIFERT

Academy of Sciences of the GDR
Institute of Semiconductor Physics
W.-Korsing-Str. 2, DDR-1200 Frankfurt (Oder)

1. INTRODUCTION although SF and dislocation loops were
Intrinsic gettering (IG) procedures also present in the samples investigated

in Cz silicon result in the formation by the authors. The general validity of
of defect depth profiles characterized their results is to be called in
by a low density of crystal defects at question from the point of view of our
the surface (denuded zone-DZ) and a experience with intrinsically gettered
high defect density in the wafer bulk. silicon samples.
Thereby, the bulk defects are important The EBIC method was used by us for
as gettering sites for undesired impu- investigating the causes of bulk
rities /i/. The defect profile leads recombination as it allows both to
to a corresponding profile of recombi- determine diffusion length and to
nation properties (recombination life- visualize sites of strong recombination.

time r respectively diffusion length The strength of the defect recombination

L), with low recombination in the DZ activity may be thereby evaluated from
and strong recombination in the bulk. the defect EBIC contrast /6 - J3/. But,

This is illustrated in /2, 3/ by far not all volume defects reveal

showing EBIC micrographs of beveled themselves by producing EBIC contrast.
samples and the corresponding depth This is in agreement with results of

} profiles of minority-carrier diffusion Inoue et al. /9/ who carried out EPIC
length L(z). The bulk region is investigations of crystal defects in
often treated as being unimportant for solar cells and found a correlatiorn
device operation. This assumpution is, between local diffusion length z nd the

however, not justified when devices are density of defects showing EBIC

built directly in the substrate /4/. contrast.

Accordingly, there is an interest in On the base of EBIC investigations of
characterizing bulk recombination in IG IG silicon wafers we are going now to

* silicon and in knowledge about its rediscuss the question of Hwarig and
sources. Studies on this topic perfor- Schroder /5/: What is the dominant
med by the EBIC technique are presented source of lifetime degradation, OP or
below. Further, the influence bulk secondary defects like 'IF or dtslocatiur,
recombination may have on device opera- loops?
tion will be discussed in chapter 3. It is obvious that defects .Ihowitic

dark EBTC contrasts reduce the .rvarr6
2. RECOMBINATION SOURCES IN THE BULK OF diffusion length in the matertal bec;tusLe

IG SILICON dark contrasts Indicate additjon-Eal
During IO oxygen - related recombination. So far it is proved t hat

precipitates (OP) are formed which on secondary defects with EBIC cont'a.its
its turn lead to generation of decondary are recombination sources. Howev,.r,
defects like volume stacking faults other crystal defects not detectable by
(SF) and dislocation loops, see /I/. the EBIC technique and impuritie may

In a paper by Hwang and Schroder /5/ also produce an enhanced recombinatior
the OP themselves are described as the background without prod 4cinti EIC
dominant source of bulk recombinatiur contrast (Fig. 1). So there arises the
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problem to separate the contributions model will be used here which treats the

due to the background from that due to recombination taking place at the

defects having EBIC contrast, defects visible in EBIC contrast as

2.1. On the EBIC-technique being equivalent to centres randomly

Assume recombination-active defects distributed in the material. So, we may

being small compared to the size of the write

interaction volume of the electron

probe with the semiconductor. Then LB - 2 
= LE- 2 + !- 2  (2)

recombination properties and EBIC

contrast are related by the formula /8/ where LB is the bulk diffusion length
D measured, LE describes the contributio.

n =c -- (1), of the observed defects with EBIC

fvth contrasts and L., is the diffusion
length due to the recombination

ne being the product of number and background, compare Fig. 1. The
mean capture cross section of diffusion length component due to the

recombination centres acting in the EBIC contrasts, LE, depends on the

defect, c the EBIC contrast of the contrast values c and on contrast density

defect, D and vth the minority-carrier and may be roughly approximated by

diffusivity and thermal velocity, (unpublished result)

respectively, and f a correction factor

depending on defect depth, operation Rfmax 112

conditions of the scanning electron LE z 1 ...-- ) (3)

microscope and diffusion length outside Cmax

the defect. To estimate the different with 1 describing the mean distance
contributions to recombination a simple between the contrasts on the EBIC

micrograph, R(/um) = 0.0171 x Eo 1 .7 5

(keV) being the electron range /10/ and

Cmax the maximum contrast. Thereby,
Rfmax c 0.15 is valid independent of R

* ofor diffusion lengths between the
0 defects IT4 3h 10 um. Fig. 2 showis the

• .. ' bulk diffusion length LB calculated
0 " from (2) and (3) versus mean distance 1

"' 0 between EBIC contrasts.

2.2. Experimental results and

discussion
There were studied a lot of different

0' 0Cz silicon samples with the following
0 characteristics: p-type, boron-doped,

0 = 10 ... 20 ohm.cm, 3" or 4" diameter,

(100) or (111) orientation, different• " ". " "0" 0oxygen content (5 ... 10 x 101 cm-)

different heat treatments for IG

FIGURE 1 (multistep heat treatments or ramping

for nucleation).
The EBIC investigations in the volume of

Sch .,,atic illustration of different the samples were carried out either on

defects in a sample. The diffusion bevels or after sufficient ourface
length component LE Is due to defects bvl ratrsffi et sra

legh ~pnetL i uet efcs removal by etching. Al Schottky contacts

having EBIC contrast (full circles), were used for charge collection.

the component LM is due to point defect 1 and Cmax were determined for a

(points) or extended defects giving no beam energy E o = 30 keV therey

EPIC contrast (open circles).bem nrg =3 kV they
t oaveraging over a sufficiently largu area.
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The maximum contrast values amax sites, IN, is estimated to be smaller

were near 0.3. The size of the defects than the diffusion length in the denuded

showing EBIC contrast was in the range zone LDZ for both samples. This is

of l/unm so that they could be thought to be indicative of other but

considered as being small compared to not dominant recombination sources which
R. The bulk diffusion length LB was could exist in the bulk but are missing
determined from energy-dependent EBIC in the DZ due to IG and which are not

measurements. detectable by the EBIC method. In the

light of our results the OP cannot be

therefore considered to play the
( -. dominant role in bulk recombination in

20 -' 10W&5I samples.
13 Dominant OP recombination seems to beI I/ - rather confined to samples with ver

high OP densities Nop = 1012 ... 101f

La(AJm / .cm
-3 /5/ produced by long-duration heat

0.; treatments not typical of normal IGI / / '~ + .-' .....-"."-........ ...

W*::"'.*-*_'_*. * ... .. ..... .. +$ as procedures.
':** Nevertheless, oxygen precipitation may

--- L.. - be involved in defect recombination in
................. I0 some other respect. It is widely

accepted that recombination activity

o0 2 - . 0 visible as EBIC contrast is due to some

interaction of extended crystal defects
with impurities. Metallic impurities

FIGURE 2 are considered here, but also oxygen as

the most important impurity in Cz

Bulk diffusion length LB in dependence sJlicon. Let us assume that defect

on mean distance I between EBIC recombination activity is simply due to

contrasts. Measured values (Eo = 30 an accumulation of solved metallic

keV) and calculated curves with EBIC impurities at the defect site. For

defect contrast cmax and diffusion estimating under which conditions such

length LM  between the defects as accumulation can produce significant

parameters, contrast take an active defect volume of

I umr and an impurity solubility of
i016 cm -3  which corresponds to 10 4

The measured data are shown in Fig. 2. solved atoms per defect. From (I) one

More detailed information about two obtains En > c x 10- 12 cm2  as an
typical samples denoted A and B is estimate for the minimum capture cross
given in the table . section of the centres necessary for

It is found that the total defect producing the contrast. So, 6n >  0- 13

density obtained by ftching (Nop+ NSF cm or even much more would be

+ ...) is markedly larger than the required • for typical contrasts of c>0.I,
density of defects giving EBIC i.e.6. hardly expected for simple metallic,
contrasts NE, but NSF and NE are impurities. Instead, we suggest positive

usually in the same order of magnitude, space charges to exist around the

In sample A LE < LM is observed, i.e. defects which support electron capture

the dominant source of bulk and increase the apparent cross section
recombination are defects showing EBIC of the defect. Maybe oxygen-related

contrast, probably SF. Sample B has LE precipitates segregating at secondary

S,., again indicating a significant crystal defects contribute in p-type

contribution to bulk recombination by silicon to these space charges similar
defects with ERC contrast. The to the OP investigated in /5/.
diffusion length between the contrast
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sample Wright EBIC calculated

etching using (2) and (3)

NOp NSF NE amax LB LDZ I( LE(amJ M e -  (CM-3  (/um) (/um) (/um) (/un)

A 1010 6x10 9  3x10 9  0.3 5.5 30 11 6.3

B 109 108 2x1O8  0.3 14 3.0 20 20

Nop , N S  ... densities of OP and SF, respectively, determined by Wright etching

NE = (IR)-l - (12 .6/um)- I ... density of EBIC contrasts at Eo  30 keV

LDZ ... diffusion length in the DZ determined by the method given in /2/.

Useful information for answering these REFERENCES

questions is expected from analytical

electron microscopy. /I/ H. Richter, Proc. Ist. Internat.

Autumn School GADEST 1985,

3. INFLUENCE OF DIFFUSION-LENGTH DEPTH Academy of Science of GDR, Garzau,

PROFILE ON DEVICE PROPERTIES Ed. H. Richter (p. I)

For substrate-based devices the

leakage current iL of p-n or field- /2/ C. Donolato and M. Iittler,

induced junctions at device operation submitted to J. Appl. Phys.

temperature To  is dominated by its

diffusion component /4, 11/. /3/ M. Kittler, W. Seifert ,and C.

So, the bulk recombination properties Donolato, Proc.GADEST 1987,in print

may be important for device operation,

e.g. the refresh behaviour of memory /4/ D.K. Schroder, Solid State

devices. The diffusion current density Electronics 27 (1984) 247

Jd is given by

q ni 2 D /5/ J. M. Hwang and D.K.Schroder,

Jd -- (4) J. Appl. Phys. 59 (1986) 2476

N LS /6/ C. Donolato, Optik 52 (1978/79) 19

with q being the elementary charge, n1
the intrinsic carrier concentration, D /7/ L. Pasemann, H. Blumtritt ,and R.

the minority carrier diffusivity, N the Gleichmann, Phys. Stat. Solidi (A)

dopant concentration, LS the diffusion 70 (1982) 197

length at the surface, and c < I a

correction function depending on the /8/ M. Kittler and W. Seifert, Phys.

diffusion length profile L(z) /11/. Stat. Solidi (A) 66 (1981) 573

LS  may be interpreted as effective

diffusion lengt- L* at the surface and /9/ N. Inoue, C.W. Wilmsen, and K.A.

is easily obtained by EBIC measurements Jones, Solar Cells 3 (1981) 35

/11, 2/. Typically, LS is in the 10
a /10/ T.E. Everhart and P.H. Hoff,

,m range for IG wafers /11/.Using Ls J. Appl. Phys. 42 (1971) 5837

(TR) measured at room temperature TR,

it is possible to estimate the leakage /11/ 1. Kittler and W. Seifert, Phys.
current JL(To) at To /11/. Stat. Solidi (A) 99 (1987) 559

The relationship between L(z) and

latch-up immunity is discussed in /3/.
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1. INTRODUCTION used In for Instance Schottky diode barriers

The feature size of integrated circuits are (3). current shunts (1,4), diffusion barriers

continuosly scaled downwards. This opens re- (4). contact and via fill for planarity (5).

quirements of new materials as well as new pro- This paper consists of two parts:

cess technologies. For metallisation in VLSI, i) A general introduction to CVD with emphasis

materials having low resistivity, low contact to trends in the design of CVD reactors and

resistance and high electromigration resistance to optimization of the throwing power of a

are of Interest. Additional materials require- CVD) process.

ments are that they are easily etched and can ii) Tungsten GVD on silicon and disilicides.

act as diffusion as well as etching barriers, respectively, including process modeling,

With the use of shallower juctions unwanted mechanisms, interfacial reactions, and

dopant diffusion and redistribution become more finally the relationship between electrical

, critical. Hence there is a need of low-tempera- characteristics and deposition conditions.

ture deposition technologies. For the inter- Space limitations preclude presenting details.

connect metallization, an excellent step cover- For details the reader is referred to the refer-

age, reducing electromigration effects, is re- ences given.

quired. Finally, with the decreased alignement

tolerance of the successive mask levels, self- 2. CHEMICAL VAPOR DEPOSITION

aligning deposition technologies are attractive. 2.1. CVD reactors

For VLSI applications the refractory metals In CVD a solid material is obtained by a che-

(in particular V, No and Ti) as well as their mical reaction between gaseous reactants. Reac-

disilicides are of interest. The CVD technique tions in the vapor as well as on a substrate

is known to yield excellent step coverage and surface may be combined to yield the deposited

conforality, good uniformity, high purity of material. Two main reactor types can be

the films deposited, and the possibility to distinguished:

selective deposition. The attractive metalli- In the hot wall reactor the reactor tube is

sation properties of tungsten and the rapid surrounded by a tube furnace. This means that

progress in selective tungsten CVD (a self- the substrates and the wall of the reactor have

aligning technique) focus this paper to CVD of the same temperature. In this reactor type, many
tungsten. Selective deposition of tungsten is wafers can be coated in the same run. But be-

regarded to be a highly useful technique in the cause of the high temperature of the reactor

very large scale and ultralarge scale IC fabri- walls, the deposition occurs not only on the

cation (1,2). Tungsten has been proposed to be substrates but also on the reactor walls. This
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may result in a depletion of the vapor with In the processing of devices with geometries
aresct I e eetin c e the ar ithdepo- below 2 pm. particle contamination may he a

aespctic tes e the reactants aen trspot- factor. controlling the device yields. In theslalon rates - when the reacta are transport-

ad through the reactor. There ise also a risk of hot wall reactor., deposition also occurs on the

introducing contaminants In the system from Inside of the reactor walls. 11th Increasing

chemical reactions between the reactor wall and thickness of the deposit, the contamination risk

the vapor. other contaminants may be partials. from particles, loosing from the reactor

which have loosed from the roator wall. walls. are apparent. Hence there is a trend (at

present) to prefer cold wall reactors in pro-

cesses not controlled by homogeneous reactions

SIn the vapor. For further contamination control

ExhausL as well as reduced process time, loadlock

capabilities may he used. Finally, CmD systems

dedicated, for only one process, can be con-

structed in materials compatible with an etching
Gas inlet Substrate Furnace gas for cleaning of the chamber.

2.2. Rate-limiting steps

FIGUBI 1 In CVD the substrates are immersed in a gas

stream, resulting in the development of so

Hot wall reactor called boundary layers. The boundary layers are

In the cold wall reactor the substrates have defined as the region near the substrata surface

a higher temperature than the reactor wall, where the gas stream velocity (velocity boundary

which means that the d-wosition occurs only on layer), the concentration of the different vapor

the substrates. The risk of contamination, or- species (concentration boundary layer) and the

ginating from an interaction between the reactor temperature (thermal bounday layer) are not

wall and the vapor, is considerably reduced in equal to those in the main gas stream.

this reactor type. However due to the steep ton- In a CVD process various sequential reaction

perature gradient around the substrates severe steps occur. Each of these steps may be rate-li-

ntural convection can arise. Finally the miting In the absence of thermodynamic limita-

depletion of the vapor with respect to the tions. Plausible rate-limiting steps in a

reactants is normally less in a cold wall CVD-process are listed below (6-9):

reactor than in a hot wall reactor. a) Transport of the gaseous reactants to the

boundary layer surrounding the substrate

0 0 0 0 0 (free and forced convection).

b) Transport of the gaseous reactants across the

-m.m boundary layer to the surface of the sub-

strata (diffusion and convection flows).

0 0 'Xc) Homogeneous reactions in the vapor during the

rSubstrate transport to the substrate surface.
Induction coil d) Adsorption of the reactants on the surface of

the substrate.

FIGURE 2 a) Chemical reactions (surface reactions)

Cold wall reactor between adsorbed reactants or between

adsorbed reactants and reactants in the vapor.
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f) NhmLeatl,, iv) Nucleation control: At low supereatura-

B) Dsorption of some of the reaction pzodKts tion the deposition rate may be controlled

free the surface of the substrate. by the nucleation.

h) irmaspot of the reaction products &aross the

boundary layer to the bulk gas mixture. The four typos of control as defined above are

I) Tranmpot of the reaction products away from those normally discussed. However recent in-

the bov hpda layer. vestigations Indicate (see for instance rofs.

in each Of these stops several processes may /10,11/) that also hosogeneous reactions in the

proceed samultameously. vapor play an iportant role In CVD and that
they may control the deposition rate. So in

*dt addition to the four controls given above homo-

J geneous reaction control should be introduced.

th Boundary 2.3. Experimental conditions for mazimam in

f ae step coverage
Thin film Vith ncreasing apect ratios in the geo-

fetiges fabricated, experimental conditions for

maximun step coverage. conformality and unL-

FIGURE 3 formity have to be determined. This maxLmu

The sequential s s in occurs at surface kinetics control, which may be

achieved in different ways:
Even though several rate-limiting steps can i) By ncreasing the gas flow velocity. The

be identified in a CVD process, only four main deposition rate at surface kinetics control

categories of control are normally discussed: is given by the limit value.

i) Thermodynamic control: Thermodynamic control

means that the deposition rate is equal to Surface kinetics control
the mass input rate into the reactor

(corrected for the yield of the process).
This occurs at extreme deposition condi- °2 Mass transport

tious (low gas flow rates, high tempo- 0 control
ratures, ... ). The temperature dependence CL Thermodynamic control
of the deposition rate is obtained from 0

thermodynamic calculations. Gas flow velocity

Li) Surface kinetics control: If the deposition FIGURE 4

rate is lower than the mass input rate into

the reactor as well as the mass transport Influence of gas flow velocity on the control ofthe eacor s vil t th mas tansorta CVD process

rate in the vapor to or from the substrate

surface, a surface kinetics control or ii) By decreasing the temperature and/or

nucleation control exist. decreasing the total pressure. For an

iii) Mass transport control: A process may also endothermic CYD process the surface

be controlled by the mass transport in the kinetically controlled region is cha-

vapor to or from the substrate surface. racterised by a high activation energy,

This occurs frequently at high pressures while the mass transport controlled region

and high temperatures and whien vary has a smuch lower activation energy. As can

Instable compounds are used as reactants. be seen from the figure below, the surface
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kinetically controlled region Is expanded process on silicon (see fig. 7), two main rose-

at lower total pressures. which is due to a tion steps can then be distlriished:

higher diffusivity of the molecules In the i) In the first step elemental silicon will act

vapor at lover total pressures. as the predominating reducing agent. This

results In tungsten deposition on those

Moss transport contro substrate regions where elemental silicon is

/ exposed to the vapor.
* FS tc iL) In the second step another reducing agent,

ti /kinetics
cor hydrogen, has to take over, since the

.1 tungsten film obtained in the first step,"0 P2 2
P1 < P2 separates the elemental silicon from the

liT Vapor.jWIT

FIGURE 5 STEP I

Influence of temperature on the control of a C 3Si(s) + 2WF 6 (g) -. 2W(s). 3SiF4 (g)
process

ii) By Increasing the thermochemical stability W
of the reactants used in the process. By Si02 Si0 2

using SiCl, instead of SIR, in silicon CYD, S
the surface kinetics controls the deposi-

tLon rate at higher temperatures.

E 1.03H g)+W (g-W )
E. STEP H
E 3H2(g) + WFf(g)--W (S) 6HF(g)

- SiH4

0 SiC\4
.-

0 .01 1 ,

0.9 1.1 FIGURE 7

103/I TK -1  The different process steps in selective

FIGURE 6 tungsten CVD

Influence of the therwochemical stability of the Before discussing details of the two process

source molecules on the control of a CVD process steps, a general discussion of selective tung-

sten deposition, based on thermodynamics, willIn conclusion for a pa~rticular gas mixtue
he given.

maximum In stop coverage• can be expected at lowbagvn 3.1. Thermodynamic analysis of selective
total pressures. low temperatures and high gas
"flow velcities. tungsten deposition

Thermodynamics can be used as a guide for

3. TUNGSTEN CYD O SILMON AD DISILICIDKS prediction of trends in selectivity when the

in CU of tungsten, W6 and 22 are used deposition aonditions are changed. It can also

reactants. In the selective tungsten deposition be used to identify plausible (and undesired)

*4 350
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side reactions a well as gaseous selectivity_
modifiers (12). Us trends in selectivity in the PIP _ Si F4
to proess steps should be aalysefr 100 F

different calculated thezodh ical parameters. W2

r step me, calculated driving for" values

for the reactions between elemental silicon and 10-5

the vapor ad driving force values for reactionsSiF
between silicon dioxide and the vapor, respect- 60-10
Ively should be used. In the Collowing oe re- 500 700 900 1100

ults fro tearmaemical investigations of
selective tungsten deposition are smmsarised.

Free energy minimization technique wes used in

the calculations and about 100 different sub- FIGURE 8

stances were Included in the calculations. or Partial pressures of the vapor species formed in

details, the reader is referred to ref. (13). the reaction between silicon and tungsten
hexafluoride. Total pressure - 0.1 kPa (13).i Table 1. Calculated driving force (kJ/nol

reaction gas mixture) for the reaction The thermodynamic analysis of stop one
between silicon and the vapor, A(Si)
and the reaction between silicon indicated the risk of tungsten oxide formation.
dioxide and the vapor. A0(iO2), Thus the selectivity in step two should be
respectively.

analyzed from the assumption of formation of
1,/We T/OC P/torr A(Si) AG(SiO') tugnaten oxides, i.e., the results fron such an

39 300 0.1 -19.5 -7.4 analysis Indicates the possibility to maintain
39 500 0.1 -20.1 -9.4 selectivity even if tungsten oxides have
39 300 1.0 -19.3 -7.2
39 500 1.0 -19.9 -8.9 nucleated on the silicon dioxide. Calculated

chemical potentials for homogeneous equilibrium

Examples of calculated driving force values in the vapor (no solid substance present),

are given in table 1. As can be seen a much equilibrium between the vapor and the silicon

higher driving force is obtained for the and equilibrium between the silicon dioxide and

Si/vapor reaction than for the SLO,/vapor the vapor, respectively for various temperatures

reaction. This indicates a preference for are shown in figure 9. The driving force for

deposition of tungsten to silicon substrate tungsten deposition in the "silicon window" or

areas. ence a self-aligned process has been the driving force for tungsten oxide formation

obtained. The vapor species formed at the is given by the separation of the "homogeneous"

Si/vapor reaction is shown in figure S. curve and the curves for deposition in the

With the formation of silicon fluorides silicon "silicon windov and deposition on the tungsten

has been etched. For stoichiomotric reasons, a oxides. As can be seen from the diagram,

tugsten layer of 100 1 will consum about 200 1 selectivity to the silicon window is favored by

silicon. Fron table I it can also be deduced a higher temperature. Similar analysis for other

that a low temperature, a high total pressure total pressures and vapor compositions indicate

and a high R,/WF, molar ratio should favor that selective deposition to the silicon window

selective growth in the first step. Finally, in is favored by a low total pressure and a high

the 810S/vapor reaction tungsten oxides and 1,/IF, molar ratio.

different gaseous substances may be formed.
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These modifiers influence in particular the

Shomogeneous reactions In the vapor, For improve-

-0] meat of the selectivity in tungsten CVD, a-600-
stronger reducing agent than hydrogen should be

0 added to the /H2117 gas mixture. A example of

Bo00 such an agent is SiH,4 . However, addition of Sill4
r t I

to the actual gas mixture may cause silicid300 500 7003 deposition. From the calculated CVD phase dia-

Temperoture/°C gram (see fig. 11) it can be seen, that relatively

FIGURE 9 large concentrations of SiH4 is required for

silicide growth. Thus Sill, may be a useful
Chemical potential of tungsten in the vapor. 0.
minus a reference potential, p#0 at different selectivity modifier.

temperatures. H2F/WF-40. total pressure - 0.1
torr (12).

t / OC

Defining a selectivity number as the driving .700 -

force for the reaction between the material in

the silicon window derided by the driving force W O+

for the reaction between the "silicon dioxide" 500

region and the vapor. a useful parameter for 3

discussion of selectivity has been obtained. A 3001 I

selectivity number larger than one indicates 0.25 0.50 0.75
preference for deposition to the silicon window. SiH 4  (SiH 4 + nWF6 )
As an example, the influence of temperature on

the selectivity number is shown in figure 10.
FIGURE 11

Calculated CVD phase diagram for the system V-Si

SE H2/WFe - 39, total pressure - 0.1 torr. (12).
1.5,

Calculated selectivity number as a function

of Sill4 concentration in the vapor is shown in

1.0 20%e figure 12. A drastic change in the selectivity

number, with expected improvement in selecti-

vity, is obtained at a particular SiH 4 concen-
, p I

700 tration. The selectivity is improved by a factor
of about 10 (12). This change in the selectivity

TemperaturelOC is mainly due to the opening of a new reaction

FIGURE 10 channel in the -apor at a particular SlH4

Calculated selectivity number as a function 
of concentration.

temperature for two different 12o-F6 gas
mixtures (1 W,. and 20% VF. respectively).
Total pressure: 0.1 torr (12).

For optimization of selectivity in general in

deposition processes, gaseous selectivity modi-

fiers can be added to the reaction gas mixture.
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native oxide thickness up to about 20 1. For a

SE thicker native oxide, the thickness of the

10.0 tungsten Layer decreases drastically (see fig.

6.0- ) 10 3

2.0--

___ ___ ___E 2

0.5 1.5 2.5 10

J0
%1 Sill4  10

FIGURE 12 3 10 30 50

Calculated selectivity number as a function of Native oxide thicknesslA
9114 concentration. Temperature - 300 °C, total
pressure - 0.1 torr. U 2/V/W - 39 (12). FIGURE 13

Tungsten film thickness as a function of the

3.2. Tungsten CVD; Process aspects and native oxide film thickness. Data fra ref. (14).

materials properties

Selective deposition processes, based on The initial reaction consumed silicon. This

vapor/solid interfacial reactions. are highly results also In a lateral growth of tungsten

sensitive to the surface conditions of the whole under SLO2 . It has been shown, however, that
substrate surface. In selective tungsten d*oe- this lateral growth can be considorabal with an
sLtion, silicon as well as the adjacent silicon encroachment of tungsten under 1L02, yielding a

dioxide should be properly prepared. An oxide source of junction leakage currents. This effect

with a low defect and Impurity content in con- Is probably due to the variation in the thick-

bLnation with silicon, free from contamination ness of the native oxide across the silicon

and native oxide, creates good selectivity, window. Near the SL02 sLdevalls a thicker oxide

3.2.1. Silicon reduction of VF, can be expected. According to the discussion in

The initial stage in tungsten CYD was con- the paragraph above, an increased consumption of

trolled by the silicon reduction. A self-limLt- silicon, yielding tungsten encroachment, can be

ing growth process, due to separation of the expected at thicker native oxides. By a low W*

silicon from the vapor, was obtained. The thick- partial pressure, this encroachment can be

nes of the tungsten layer after the self-liLit- eliminated (16).

In reaction is affected by the cleaning proce- Formation of tunnels (--100 1 in diameter)

dure prior to the deposition and the residual has been observed by several investigators (see

native oxide thickness, total pressure, deposi- for instance ref. 17). They may be initiated at

tion temperature and the doping of the silicon surface sites, where tungsten agregates,

(14,15). For standard deposition conditions particles, are generated. These particles may

(3000C. H,/V 5 -40; total pressure 0.5 torr) and act as a getter for atomic fluorine, supporting

a native oxide thickness less than 10 1. the local etching of silicon. The tunnels can be

thickness of the tungsten Layer is about 100 1. avoided by a proper choice of deposition

ftsta and Tang (14) have reported an Increase in conditionas (18).

the tungsten layer thickness with increasing
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3.3.2. Uyd~rs reftiLon of 31, In stop one.* the deposition mechanism is a
The second stop Ia the selective tungsten displacement reaction, Tor stop two it bag been

depoeftion is based on the fact tOat growth of a observed that the deposition rate is Independent
material can be maintained at a low aupreatura- of the We. partial pressure but dependent on the
ties. while heterogeneous nucleation requires a B2 partial pressure (aquare root dependence).
higher supergatucetion. This mesas that for low The Influence of the R2 Partial Pressure on the

aupersaturation. growth on already deposited deposition rate indicates that the dissociation
material will occur and no auclei, will be formed of the R. Molecules may be rate-limiting (20).

outside the region of the deposited material The BY formed during the process decreases the
(for Instance on the oaide). in tungsten CVD, a deposition rate. This can be explained in terms
low supersaturation sme a few per cent We. By of a LangmuIr-Hinschelwood mechanism (21). A
"ug a low supersaturation tungsten layers with large BY Concentration In the vapor,* which is
thicknesses up to I pa have been grown select- obtained at large tungsten areas exposed to the
ively (19). Defects In the oxide as well as vapor, slows down the deposition rate consider-
contaminants mill degrade the selectivity, ably and degrades the selectivity (21.).

3.2.3. Kinetics and machanisms 3.2.4. Naterials characterization

The initial reaction is very Last and within Two polymorpha of tungsten exist: a-tungsten

a few second& the self-limiting reaction is and #-tungsten. P-tungsten is stabilized by
completed. The deposition rate is much lor in small amounts of oxygen and fluorine. P-tungsten

4step two than In step one. Typical growth rates has a resistivity about an order of magnitude
are shown In figure 14. As can be seen, an higher than a-tungsten. a- as well as P-tungsten
Increase in the temperature from 300 to 350 0C has been observed at tungsten CVD on silicon.
Increases the deposition rate in step two #-tungsten Is formed at thicker native oxide
roughly with a factor of three. layers (-.20A) (14). No silicide formation has

been observed.
Filma of a-tungsten are free from texture

0 (22). The grain size seems to be independent of
C 1000 the deposition temperature but dependent on film

Z3500C thickness (see fig. 15). The oxygen concentra-

_ 0 tion is Influenced by the deposition temperature
Soo as well as the film thickness. At a film thick-

3MOC noes of 200 to, the oxygen concentration is

P 200about 0.02 and 0.07 at.% at 300 and 4004c,

FRI respectively. The oxygen Is segregated to the

2 6 10 grain boundaries. In contradiction to the oxygen

Deposition tirrie/min concentration, the fluorine concentration in the
films decreases with Increasing temperature (at

FIOVIE 14 4000C -0.03 at.% 7) (23).

Tungsten film thickness as a function of the The tungsten films exhibit tensile stresses.
depositIon time. N,/Ve-lS * total pressure 0.3 These stresses are influenced by the film thick-
tort, total flow -17000 cas/ain. Data from ref. mess. Tor thin films , stresses up to 1.3.1010
(20).

dyn/om' have been observed. A minimum in stress
Is obtained at a film thickness of about 500 L.
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FIGURE 15 Film thickness/nm

Grain size as a function of tungsten film
thickness. Data from ref. (23). FIGURE 17

Film resistivity vs. film thickness. Data from

For thicker films the stress increases gradually ref. (22).

and is about 8.10 dyn/ca2 for a thickness of

2000 A (22). 3.2.6. Tungsten CVD on disilicides

The tunnel formation in the silicon as well
as the tungsten encroachment underneath the

silicon dioxide may cause reliability problems.

Deposition conditions for elimination/reduction

W . of these problems have been discussed above. An
alternative metallization scheme may use an

0.5 interlayer in between tungsten and silicon. The
__ tungsten is then used as a diffusion barrierD 100 200 and/or a filling material.

Use of interlayers may be associated to a new

Film thickness/nm set of problems. In this section, a general in-

FIGURE 16 troduction to three major problems at CVD of

Film stress as a function of tungsten film tungsten from 32/VF5 on interlayer materials
thickness. Data from ref. (22). will be given. Since disilicides are of parti-

cular interest, they will be used as examples.

3.2.5. Electrical characterization

The resistivity of CVD tungsten films isi I Native oxide Periphery
shown in figure 17. The resistivity increases P
drastically for film thicknesses less than 500 .

I. In thicker films resistivity values close the 5i02
bulk value (5.3 p/.cm) is obtained. The thick- MeSi2

ness dependence of the resistivity can be ex- Si
plained in terms of scattering by grain bound-

aries, and impurities (23). FIGURE 18

Problem areas vhen using interlayer technique
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The three major problems are the following (24,25). The formation of TIT& results in poor

(see fig. 16): adhesion and high contact resistance.

- The chemical composition of the oxide,

coveri" the silclide. 1.0

- the differece in chemical reactivity between

the elements composing the silicide. 0.1

- the reaction between silicon and the vapor at
b

the periphery of the contact hole.
a0.011TiLS 2 is used to illustrate the first two

problems, while use of CoSi. illustrates the 1.0

third problem.

The surface oxide on T1il2 contains both Ti th

and Si. No chemical etch for removal of this 0 .

oxide exist. With an NF dip for instance, Si is
preferentially etched and a more Ti rich surface 0.01

oxide is obtained. Thus at tungsten CD, the 10 100
Till, substrate exposes an oxide to the vapor. H2 / WF 6 molar ratio

This oxide reacts with the 1,/WI, vapor. At a FTGUU 19

low temperature, solid TIFg is formed. The re- Solid phases in equilibrium with TLl, (excess

mainin oxide becomes then more Si rich. For a of TiSi 2 assumed In the calculations):
I - Ti 3 + W + Si, II - TiFs + W, III- TiSi + W

higher temperature, Si in the SL0, is etched a) 500K. b) 550K (24).

away and a more Ti rich oxide together with

tungsten oxides can be expected to be formed Tungsten can be deposited selectively on

(24). CoSi2 in a surface catalyzed reaction (26). In

Since the native oxide on Tili, varies in the periphery of the contact, however, a reac-

thickness and has defects, it will be penetrated tion between silicon and the H2/VF, vapor

here and there with a subsequent reaction Occurs, ie CoSi, doesn't separate the silicon

between Tili, and the vapor. At this reaction from the vapor effectively. This reaction

different reaction products may be formed. From results in the formation of voids at the Si02/Si

the calculated CVD phase diagram (see fig. 19) interface as well as encroachment of tungsten

it can be seen, that solid Ti1 may be formed at underneath the S102 (26).

a low temperature (500 ). Silicon in TiLSi is The formation of TiF in the TISi,/V inter-

also etched preferentially at higher H/9/7, face caused poor adhesion and high contact

molar ratios and lower total pressures, resistance. Voids and tungsten encroachment in

resulting In the formation of TiSi. the S1/110, interface are obtained in

from the brief discussion of the nterfacial self-aligned CoSts contact structures. A low

reactions between T1il, and the H,/W , vapor, contact resistance have been reported for

the following can be concluded: Due to the V/foi, and V/TaSi 2 interfaces (5, 27).

non-uniform penetration of the surface oxide on

Tils, a rough interface between tungsten and 4. CONCLUDING RMKUJKS

Till, can be expected. This interface contains CVD is an attractive technique for VLSI

oxygen (from unreacted surface oxide) and solid processing, since high-purity films of good

TLYS . This has also been verified experimentally uniformity and step coverage can be grown. The

356



selective deposition possibilities are of 7 atD. korNM.ndCrtI.i
highest Interest when the feature size of V.1.. Wilcox (ed.), Preparation and
Integrated circuits is reduced. Properties of Solid State Materials, Vol.

Selective deposition processes are sensitive 2. Marcel Dekker, Nev York (1976).

to the cleaning as wall as the defects of the [8) Shaw, D.W., In C.H.L. Goodman (ad.),
subsrat maeria. Hncepropr sbstateCrystal Growth - Theory and Technique, Vol.
substrate~~~ ~ ~ ~ ~ maeil oe rprsbtae1 Plenum Press, Now York (1974).

j ;Pretreatment procedures have to be developed.
[91 Jones, M.S. and Shaw, D.V., in N.B. Hannay

Selective VVD processes are based on differ- (ad.), Treatise in Solid State Chemistry,
ences in interfacial chemistry between different Vol. 5, Plenum Press, Mew York (1975).

substrate areas. These differences may be favor- [101 Coltrin, M.E., Kee, 3..J. and Miller, J.A.,
ably enhanced by a proper change in the conposi- Proc. of the 9th Int. Conf. on CYD, eds.:

Hc D. Robinsson, van den Brekel, C.H.J.,
tion of the vapor, the deposition temperature or Culten, G.W., Blocher Jr., i.M., and

by the total pressure. Rai-Choudhury, P., The Electrochem. Soc.,

Tungsten CVD has many advantages in VLSI pro-PengtN..(9431

cessing and will certainly be applied in some [111 Lindstrdm, J.N. and Stjernberg, K.G. * Proc.
of the 5th European Conf. on CYD, eds.:

process steps. The present problems of this Carlsson. J.0. and Lindstrdm, J.M. (1985)

process (tunnel formation, tungsten encroachment 169.

in the Si/Si02 interface) limits its use today [121 Carlsson, J.0. and Hirsta., A. To be

to multilevel via fill and interconnect/diffu- published.

sion barrier plug. [131 Carlsson, J.0. and Boman, M., J. Vac. Sci.

For elinination/reduction of undesired inter- and Technol., A3(6) (1985) 2298.

facial reactions between the 12/W,4 vapor and [141 Busta, H.H. and Tang, C.H., J. Electrochen.

the substrate, yielding high contact resistance, Sac., 133(6) (1986) 1195.

poor adhesion, voids, ... the interlayer tech- [15] Taso, K.Y. and Bust&, H.S., J. Electrochen.

nique is promising. The different process steps Soc., 131(11) (1984) 2702.

(preparation of interlayor. substrate pretreat- [161 Moriya. T., Yamada, K., Shibita, T.,

mnt, tungsten CYD) should be combined and Fisuka, H. and Kashiwai, M., Proc. 1983

designed for optimum in adhesion. electrical Symp VLSI Technol., Maui, HI, (1983) 96.

characteristics and reliability. [171 Stacy, W.T.. Broadbent, 3.K., Morcott, M.H.

J. Electrochen. Soc.. 132(2) (1985) 444.

RFS ECES [181 Pauleau, Y., Lami, Ph., Tissier, A.,
Pantel, R. and Oberlin, J.C.. Thin Solid

[)Gargini, P.A. and Beinglass. I., IRDM Tech. Films, 143 (1986) 209.
Dig..54 (181).[19] Slewer, 3..S., Tracy, M.E. and Wells, V.A.,

[21 Broadbent, E.K. and Raillsr. C.L., J. Tungsten and Other Refractory Metals for
Electrochem. Soc.. 131 (1984) 1427. VLSI Applications, ad. Blewer, R.S..

Materials Research Society, Pittsburgh, PA.
[31 Crowell, C., Savace, J. and Sge, S., Trans. (1986) 21.

Mtall. Soc. AINE, 233 (1965) 478.
[201 Broadbent, U.K. and Ramiller, C.L., J.

[4] Miller. U.S. and Beinglass. I., Solid Electrochom. Soc., 131 (6) (1984) 1427.
State Technol., 25 (1982) 85.

[211 Pauleau. Y. and ILaui, Ph.. J. Electrochem.
[5) Moriya. T.. Shim, S., Hazuki, Y.. Chiba, Soc., 132 (11) (1985) 2779.

M. and Kashivagi, M., IS1DN Tech. Dig., CH
1973-7/83 (1983) 550. [22] Green, M.L. and Levy. R.A., J. Ilectrochm.

Soc., 132 (5) (1985) 1243.
[6] Faktor, M.M. and Garret, I.. Growth of

Crystals from the Vapor, Chapman and Hall. [23] Learn, A.J. and Foster, D.V., J. Appl.

London, (1974). Phys., 58(5) (1985) 2001.

35



1241 ZErkason, Th.. Carlsson, J.O.. Neai, K., (26] van der Putt*, P., ladana, 1.K., Broadbent,6stllnmg, N. and Peterason, C.1. To be E.N. and Morgan. A.R., Appl. Fhys. Lett.,
published. 49(25) (1986) 1723.

(251 Broadbent, X.E., Worban, A.K., DoBlasi, 1271 Draper, B.L., HL11. T.A. and Bell, H.S.,
J.N.. van der Putte, P., Coulmn, B., Proc. 2nd Xmt. IREE VLSI Multilevel
Iurrow, B.J., gadana, D.K. and Reader, A.. Interconnect. Conf.. IEEE Cat. No. 85 CH
J. Electrochem. Boc., 133 (8) (21986) 1715. 2197-2. (1985) 90.

358

I



Session A2.2

Ultrafast Bipolar
II

Chairman: L. Treitinger

Tuesday,&peMnber 15, 1987



A2.2.1

Self-Aligned Technology for Sub-lOOnm Deep Base Junction Transistors

Masahiko Nakamae

1st LSI Division, NEC CorporationA 1120, Shimokuzawa, Sagamihara, Kanagawa, Japan

The problems in scaling down of modern advanced polysilicon self-
aligned transistors are briefly discussed. Then, a novel selt-
aligned technology is proposed to solve the problems. The newly
developed BSA ( BSG Self-Aligned ) technology ;s featured by the
use of CVD-BSG fllm-as a-sidewall spacer as well as a diffusion
source to form both intrinsic base and p+-connecting regions,
simultaneousely. The fabricated transistor having 40nm deep
emitter-base Junction and sub-lOOnm collector-base Junction shows
70 of hFE and 7V of BVCEo, respectively.

1. Introduction 2. BSA process
It is well known that the recent The main process steps in fabri-

progress in high speed performance of cating the BSA transistor are schemati-
Si bipolar transistors has been mainly cally shown in Fig. 1.
achieved by the use of modern advanced (a) The emitter window was opened in
polysilicon self-aligned technologies the Si0 2 /p+-polysilicon stacked
[13,[21. Using these technologies, the layer deposited on the oxide
transistor dimension has been scaled isolated epitaxial layer. After the
down to an ultimately small size, and drive-in process to form the extrin-
the drastic reduction of the parastic sic base region, BSG film was depo-
capacitance and resistance has been sited on the entire surface.
performed. (b) Rapid thermal annealing (RTA) was

For further progress, it is indis- performed to form the sub-lOOnm deep
pensable to form very shallow base intrinsic base region.
region to achieve higher fT value. But, (c) The BSG film was directionally
conventional ion implantation method etched using reactive ion etching
faces two problems in reducing the base technique.
Junction depth. The first has to do (d) The extremely shallow emitter was
with the fact that it is quite diffi- formed by arsenic diffusion from
cult to obtain sub-200nm deep base heavily ion-implanted polysilicon
Junction because of the secondary chan- using RTA again. In this step, in-
neling effect of boron ions even at trinsic base and the connecting
very low acceleration energy. The regions received RTA treatment once
second problem has to do with the fact more. But, the boron profile was
that it becomes impossible to anneal given approximately by Gaussian
out the lattice defects formed by ion distribution in the intrinsic base

It implantation at a higher dose range. region, and by complementary error
In addition, it is not possible to function, in the connecting region

solve the inherent problem of the respectively.
advanced self-aligned transistor like As the result, the optimization of the
SST[I], relating to the p+-connecting boron profiles in both regions was
region between emitter and extrinsic successfuly performed by controlling
base regions. the boron doping concentration in the

BSG film and RTA conditions.
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3. Result and Discussion 4. Summery
Fig. 2 shows the boron profiles A novel self-aligned technology, BSA

formed by the BSA technology, and low technology, has been developed to solve

energy ion-implantation method for co- the severe problems of future scaled

parison. in the ion-implantation case, bipolar transistors. Using this tech-

the tailing charachteristics was clealy nology, the advanced self-aligned

observed and the Junction depth at transistor having sub-lOOnm base

1016cm 3 concentration was about 220nm. Junction has been successfully

But, in the BSA case, extremely shallow fabricated.
profile was achieved, 60nm to 120nm, by
changing RTA time, lOsec to 60sec References
at 10000C.

F'g. 3 shows the hFE and BVCE0 of (1J T. Sakai et al, "Gigabit logic
the fabricated BSA transistor as a bipolar technology: advanced super

self-aligned process technology,"
function of boron concentration in the Electron. Lett., vol. 19, pp. 283-
BSG film. RTA was carried out at a 284,1983.
condition of 1000C-l0sec for both the
base and emitter regions. At the boron [2] K. Washlo et al, "A 48ps ECL in a

in the BSG film, Self-Aligned Bipolar Technology," in
concentration of 4mo1 nhISSCC Dig. Tech. papers, pp.58-59,
BSA transistor showed 70 of hFE and 7V 1987.
of BVCEO, respectively. No interfacial
films between the emitter polysilicon [3) H. Park et al, 'High-Speed Self-

Aligned Polysilicon Emitter/Base
and epitaxial layer was used In this Bipolar devices Using Boronand
experiment. Although the base width of Arsenic D i f f u si on Th r ou gh
the transistor was about 40nm, good DC Polysilicon,' in Extended Abstracts
charachteristics were obtained due to 18th nt. Conf. on Solid State

Devices and Materials, pp. 729-731,
the high doping concentration of boron. 1986.
The lattice defects in the base region
have been usually observed in such a [4] D. D. Tang et al, "Design
high doping condition as 1019 cm- 3 in Considerations of High-Performance
the case of ion-implantation method. Narrow Emitter Bipolar Transistors,"
Butinthe case of t h-pation BSeh- IEEE Trans. Electron Device Letters,
But, in the case of this OSA tech- vol. EDL-8, pp. 174-175, 1987.
nology, no lattice defect was observed,
and the 'piping" failure was not
observed.

Recently, several new approaches
have been reported to form such a
shallow base [3], it is not possible to

solve the design 'problems relating to
the p+-connecting region. One solution
for the problems has been shown by

using LDD MOSFET-like process
technology [4]. However, it is not
applicable to the SST type transistors.
In addition, the defect generating

process condition cannot be avoided in
ion-implantation method. Therefore, the
potential of the LOD MOSSFET-like
process seems to be small for the

future scaled bipolar devices.
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A2.2.2

VERTICAL SCALING CONSIDURATIONS -FOR POLYSILICOI.,-NITTUR BIPOLAR TRANSISTORS

H. Schaber, J. Bieger, B. Benns and T. 4eister

Siemens AG, Central Research and Development, Hicroelectronics,
Otto-Hahn-Ring 6, D-8000 MUnchen 83, FRG

1. INTRODUCTION - 9506C) and times. To minimize oxide contami-
In contrast to Ho devices, the intrinsic nation of the poly/mono-Si interface all devi-

speed of high performance bipolar transistors cjs were given an HF-dip as an interface
is limited by vertical dimensions, mainly of treatment. The base saturation currents and
th bate and emitter regions. Therefore, des- specific emitter-resistances are shown in
pite the importance of lateral scaling and fig. 2 as a function of xIj. Although a sit-
self-alignment technique s for reduction of nificant reduction in S and thus I.* is found
parasitic elements, vertical scaling of dopant by low temperature processing (and thus low
profiles remains a key issue for improvement xjz) this direction of progress is limited by
of bipolar device performance. Based on expe- a corresponding increase in emitter resis-
rimental results and on device simulation. tance. These results can be correlated with
this paper discusses present status and pos- HXTD(-micrographs of the interface. At low
sible limitations for vertical scaling of npn annealing temperatures a continuous inter-
transistors with polysilicon emitters. facial oxide layer with a thickness varying

from 8 1 to 12 A is found. At higher annealing
2. POLYSILICON EMITTERS temperature a break up of the interfacial

Polycrystalline silicon is now widely used oxide layer occurs.
in bipolar technology as means of making con- The increase of emitter resistance at very
tact to the emitter and base of the transis- shallow emitter junctions can be circumvented
tor. To minimize oxide contamination for the by rapid optical annealing (ROA). ROA is more
critical emitter contact usually a HF-dip etch effective in breaking up interfacial oxide
is performed prior to inserting the sample in- layers resulting in emitter resistances of
to the polysilicon deposition system. about 30 1Wim

2 
at emitter junction depths of

At low and intermediate current levels the about 50 nm /41.
polysilicon contact does not affect collector The larger current gain and emitter resis-
current but reduces base current, which is, tance that occurs in the case of a continuous
however, also influenced by transport effects oxide film can be explained in terms of tunne-
in the monocrystalline part of the emitter. To ling /5,6/. The larger bandgap of the insula-
extract quantitative information of the poly- ting film forms a barrier both to electrons
silicon contact the hole current reaching the and holes. Assuming an effective barrier

poly/mono-Si interface height of E. - 0.3 eV, S can be calculated as
J, - qS (P. - P_.) a function of oxide layer thickness. The re-

is described by the effective recombination sults are shown in fig. 3 with and without an
velocity S 11,21. We have analyzed measured additionally assumed recombination at surface
base currents by solving the transport equa- traps. In the case of continuous interfacial
tions in the mono crystalline part of the oxide layers the tunneling model fits the
emitter with the device simulator MEDUSA /3/ 'experimental" results - as obtained from
for different boundary conditions S. Fig. 1 measured base currents and HXTIM-studies -
shows calculated and measured base currents as quite well.
a function of emitter junction depth. In the
case of the metal contacted emitter (S -00) 3. BASE CHARGE CONTROL
the base current increases with decreasing A major driving force for scaling down
junction depth indicating that the emitter emitter depths, of course, is the goal to
becomes more and more transparent to hole achieve extremely narrow base widths W. Se-
transport. In contrast the *ideal* poly-Si veral problems are encountered with conventio-
contact (S - 0) imposes that recombination nal boron ion implantation if W. values below
only occurs in the mono crystalline part of approximately 200 nm are desired. Due to the
the emitter resulting in the low base currents strong channeling effect for boron ions,
at small emitter junction depths. The inter- either very low implantation energies (<10
mediate curve (S - 7.10' cmlsec) is obtained keV) have to be chosen or a thick screen oxide
for a poly-emitter contact given an HF-dip as (>100 nm) has to be used for the active base
interface 'reatment. For this type of device implant. In either case control of base charge
the base current is nearly independent on (and thus current gain) is extremely diffi-
emitter junction depth, cult, essentially because the peak of the

Surface recombination velocity and thus I.* boron distribution lies very close to or even
depends on interface treatment as well as on above the silicon surface. Base charge, there-

annealing temperature. We have fabricated de- fore, is highly sensitive to variations in
vices annealed at various temperatures (8500C emitter junction depth.
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As can be seen from fig. 4, achieving The dashed line in fig. 6 indicates punch-
V.-120 m and requiring xju to be not larger through occuring at U.. - 3V and U3. - OV.
than the peak boron penetration depth x, Depending on NA, this condition corresponds to
(without screen oxide) would already lead to Ro...u values (at U.. - 0V) from about 30 kfl
xIj as low as 30 m. to about 60 kW.

New methods for active base doping have to A second constraint in optimizing the base
be investigated therefore. A very attractive doping profile is demonstrated in fig. 7. Here
one is double diffusion of boron and arsenic we have plotted measured base current charac-
out of the emitter poly-Si layer, because in teristics for transistors with base doping
this case the reference plans for both diffu- concentrations NA up to 3.10" cm-0. At con-
sion profiles is the same poly-Si/mono-Si in- centrations exceeding NA - l10'9 cm-3 the
terface. Unfortunately, both diffusions can base current is severely degraded due to
not be performed within a single heat cycle, forward tunneling in the emitter base junc-
because boron is nearly immobile in the pre- tion. Taking this value of 10'10 cm- a as an
sence of high concentrations of arsenic upper limit for the base doping concentration
(fig. 5a). First diffusing boron out of the and requiring that no punch-through occurs at
poly-Si, then implanting and diffusing arsenic U. - 3V, a transit time ^f approximately 4 ps
yields very narrow base widths (fig. 5b) and could be achieved at Wb - 20 ran.
has already resultel in very high f devices We now investigate the contributiun of
/7/. However, base charge control again is emitter charge storage to forward transit
very difficult because the slope of the boron time. In our first example we assume W. - 50
profile at xj. is very high. This sets extre- nm, xjm - 40 nm, S - 7.104 cm/sec and N. -
mely stringent requirements for temperature 7o10- cm-'. The results for emitter and base
control of the two diffusion steps and for transit time are plotted in fig. 8 as a func-
poly/mono-interface homogeneity. tion of base doping NA. Due to the reduction

Preamorphization of the single crystal si- in electron mobility base transit time first
licon with, e.g., a germanium implant before increases with NA. At higher base dopings
implanting the active base can be used to electron mobility saturates and the drift cur-
avoid boron channeling. The problem with this rent, caused by the internal field, increases
method, of course, is defect generation. This resulting in nearly constant values of T.. In
issue is therefore presently investigated in contrast 'r increases with 1/I. and at doping
detail. Preliminary results show in agreement levels N. > 5.10 1a cm-2 the change in total
with /8,9/ that for amorphization depths of 50 transit time is mainly due to an increase in
nm and below perfect annealing of the implant To. For typical current gains 1 - 100 we find
damage should be possible. T. - 1.7 ps which has to compared with a base

transit time of 2.3 ps. In fig. 9 To is plot-
4. TRANSIT TIME CONSIDERATIONS ted as a function of emitter depth for various

One of the most important factors deter- values of S and electrical activation N. , The
mining speed of bipolar circuits is the tran- base profile (W. - 50 nm, NA - 5"10"- cm- )
sit time i,, which in first order calculations and impurity gradient of the emitter was kept
is proportional to W.'. To take into account fixed during the calculations.
second order effects like carrier mobility and From our results in figs. 8 and 9 we con-
electrical field in the base, we have deter- clude that for optimum performance of downsca-
mined r, for various base doping profiles nu- led transistors minimization of both T. and r.
merically, assuming Gaussion distributions is of importance. To decrease minority carrier
both for emitter and base profile. Carrier storage in the emitter as far as possible very
distributions were calculated using the pro- shallow junctions and a high electrical acti-
gram MEDUSA, then the carrier densities were vation is needed.
integrated over the whole transistor for dif-
ferent applied voltages, diffusion charges 5. CONCLUSIONS
were extracted, and r. - dQ,.,/dI. was Improvements in transistor current gain by
calculated. using polysilicon emitters are limited by the

As expected, i, decreases more than linear- detrimental influence of interfacial oxides on
ly with decreasing W. (fig. 6). On the other emitter resistance, which is adequately des-
hand, if one increases the doping concentra- cribed by a tunneling model. Taking this con-
tion N. in order to achieve a low base sheet straint into account, a polysilicon emitter
resistance R,.,,., Tr increases. This effect does not significantly improve current gain
is due to the concentration dependent mobility with respect to an opaque emitter. It rather
in the base and to charge storage in the allows one to reduce xj. to virtually zero
emitter. without significantly changing P, thus giving

There are some constraints in choosing the additional freedom in process and device
optimum base width W. and base doping N. with design.
respect to transit time i.. First, reducing W. Using double diffusion techniques or prea-
keeping NA constant leads to an increasing morphization implants, base widths below 50 rmv.... should thus be obtainable, although serious

It can be shown, that for emitter stripe problems concerning process control and defect
widths as small as 0.5 go the logic gate delay generation still have to be solved. A lower
degradation due to increasing base pinch re- limit to the achievable basewidth is, on the
sistance is small compared to the gain due to other hand, set by emitter-collector punch-
transit time reduction. However, punch-through through and base doping limitations due to
must be avoided at normal operating voltages, tunneling.
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From thes considerations. a lower limit of
around 4 ps is expected for the forward tran-
sit time T of pure silicon bipolar transis- AS-243 I*
tore, which corresponds to f9 around 40 QRx.
The contribution of emitter charge storage to
rr become increasingly important for these
shallow devices and my amount to about 30 X
at So m base width. This again stresses the
need for extrmly shallow, but highly doped,
eitters as provided by the polysilicon emit- 10 100
ter technology.

A possibility to further improve intrinsic
device speed over the figures given above
would be the use of true heterojunction emit- 50
tore which, among other advantages, totally
eleminate emitter charge storage.

6. UFEUJMCES
0 a , ' 0

ill J.G. Possum. H.A. Shibib, 0 50 100 XjtWf -

1ZDM Techn. Dig. (1980) 280
121 a. lenna, T.F. Meister, H. Schaber, Fig. 2: Base saturation current and specific

A. Wieder, 15DM Techn. Dig. (1985) 302 emitter contact resistance for a range
/3/ W.L. Engli *MEDUSA User Manual'; ITHE of emitter drive in temperatures.

Aachen; Techn. Hochachule Aachen (1985)
141 N.J. Bohm, H. Kabza, T.F. Moister.

H. Vendtj Spring Meeting glectrochem.
Soc.. Philadelphia, May 1987, No. 187

/5/ Z. Yu. B. Ricco, R.W. Dutton; 1EKE
Trans. Electron Dev.; (1984) 773 S bal up Eh- 03 V

16/ B. Benna, T.F. Meister, H. Schaber; to
be published in Solid-State Electr.

17/ H.K. Park, K. Boyer, A. Tang.
C. Clavson, S. Yu. T. Yamaguchi, ft-oly goa
J. Sachitano; Proc. 1986 Bipolar 10 odds ayWt
Circuits and Technology Meeting.
Hinneapolis. September 1986, p. 39\S .1O'/8/ A.C. Ajsets, G.A. RozgonyL; Extended/

Abstr. Spring Meeting Electrochem. Soc. S-o
Boston, May 1986. No. 239

/9/ H.C. Ozturk, C. Lee. J.J. Wortman;
Spriag Meeting Electrochm. Soc., Phi-
ladelphia, Hay 1987. No. 235

Fig. 3: Effective recombination velocities as
a function of oxide layer thickness.
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Fig. 1: Base saturation current as a function Fig. 4s Peak boron penetration depth x, and
of emitter junction depth for diffe- base-collector junction depth x (at
rent interface conditions. 2,10a1 cm-2) obtained from SIMS

measurements.
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The base width (Wa - 50 nm) and emit- Fig. 9: Emitter transit time T. as a function
ter profile (N - 7. 1 0L0 ca -S of emitter Junction depth for various
iz= - 40 nm, S - 7.10' calsec) were values of electrical activation and

kept fixed during the calculations, surface recombination velocity S.
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A2.2.3

TRENCH ISOLATION SCHEES FOR BIPOLAR DEVICES --- BENEFITS AM) LIMITING ASPECTS

Hiroshi COTO and Katsuyuki INAYOSHI

Bipolar Process Division, Fujitsu Limited
1015, Kamikodanaka, Nakahara, Kawasaki, 211, Japan

This paper gives a review of benefits and limiting aspects in trench isolation
techniques for bipolar devices. The most sophisticated trench isolation tech-
niques have realized not only higher packing densities but reduced collector-
substrate, wiring-substrate and base-collector parasitic capacitances. By using
these techniques, high performance bipolar devices have been fabricated while
crystal defects caused by trench structures are the serious problem. Trench
isolaltion techniques are still in progress, and it seems now that there is no
apparent limiting aspect until the trench width reaches the filler material
width to sustain enough breakdown voltage.

1. INTRODUCTION gies, device structures, benefits and limiting

Since the first application of trench isola- aspects in trench isolation for bipolar devices

tion to 1Kb ECL RAMs in 1982 [11, a lot of bi- will be discussed.

polar devices have been fabricated by various 2. PROCESS TECHNOLOGIES AND DEVICE STRUCTURES

kinds of trench isolation techniques. In the Trench isolation was first disclosed in 1978

case of bipolar devices, some trench isolation [2], and its application to devices appeared in

techniques have been used in volume production early 1980's [1], [3]. These trench isolation
1

since the early stage of the development, techniques consisted of three process steps;

though trench isolation in OS devices is in trench etching, trench filling and planariza-

just experimental trials. This is partly be- tion. The typical structure of narrow, deep

cause isolation in bipolar devices plays more trenches for isolation is achieved by aniso-

important role in their performances than MO tropic plasma etching such as RIE. After

devices, trenches are etched, their surfaces should be

In the following sections, process technolo- covered by insulators in order to accomplish

I

CVD oxide oxide polySi oxide polySi oxide

(el -- + (b) o 1

p+ " ..- p+

Figure 1 Typical trench isolated structures. (a)DGI [2], (b)IOP-II (1], (c)U-Iso [31 a
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electrical isolation. Thermal oxide is commonly regions for wiring were left without any thick

used to coat the trench surfaces. Then trenches insulator. Base regions were not optimally iso-

are filled with dielectric materials such as lated from collector reach-throuh regions,

CVD oxide, nitride, undoped polysilicon and so either. By combining LOCOS or shallow moats or

on. Not only trench etching but this filling trenches with deep trenches, these disadvan-

and following planarization steps are critical tages of the first generation have been over-

because unless the trenches are completely come. Figure 2 shows those modified trench iso-

filled with these dielectric materials, the lated structures. Figure 2 (a) is an example of

voids in trenches cause sharp crevasses in iso- CVD oxide-filled trenches combined with ROX

lation regions. Uniform planarizing techniques (Recessed OXide) (4], and Figure 2 (b) shows

are strongly required to attain planar sur- the dual-depth trenches filled with oxide,

faces, otherwise sharp steps occur at the nitride and undoped polysilicon [5]. Shallower

teench edges. These crevasses and uneven steps trenches a'e used for SBD-base or base-collec-

make metallization step coverage unfavorable. tor isolation. Figure 2 (c) is a U-FOX (U-

For planarizing, controlled etch-back tech- groove isolation with thick Field OXide; re-

niques or polishing techniques are used. Figure named from IOP-L [6)) structure. In the case of

1 shows three typical trench isolated struc- U-FOX, LOCOS step is performed prior to the

tures which may be called the first generation. trench isolation step, and a planar surface is

After the first generation, some structural achieved. Figure 2 (d) shows deep trenches and

modifications for trench isolation followed, shallow moats filled with oxide [7]. By opti-

These modifications were mainly focused on the mizing the distance between deep trenches in

reduction of wiring-substrate or base-collector shallow moats, void formation is elaborately

parasitic capacitances. In the case of previous eliminated. Figure 2 (e) is a modification of

structures, only the isolation regions were re- Figure 2 (a)[8]. CVD oxide is replaced by se-

duced, and other inactive regions such as field lective-epi-silicon to avoid voids in trenches

5 £ C Base Emitter Cellector
........o...ly/ /, .9

$is

SB L E C

+ " '.PSo C E 

(a) [4], (b) (5), (c) [6], (d) [7], (e) [8]
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Table 1 Bipolar devices using trench isolation techniques (excluding ring oscillators).

Laboratory Device Performance Process Reference

1Kb ECL RAM Taa-4.4ns IEDM 1982
4Kb ECL RAM Taa-3.5ns ISSCC 1983
16Kb ECL RAM Taa-15ns ISSCC 1983

Fujitsu 64Kb ECL RAM Taa-lOns lOP-Il; (*) ISSCC 1985
16Kb ECL RAM & Taa-2.8ns & ISSCC 1986
1.2K Gate Array Tpd-280ps
64Kb ECL RAM Taa=Sns ISSCC 1987
Prescaler Ft -1.6GHz U-FOX; LOCOS & IOP-II IEDM 1984

Hitachi 4Kb ECL RAM Taa=2.5ns ,U-groove; (**) VLSI Symp. 1984
{ 16Kb ECL RAM Taa=3.Sns J ISSCC 1986

NEC 16Kb ECL kAM Taa=4ns Trench; (no detail) ISSCC 1986

NTT ECL 5K G.A. Tpdf165ps SST & Trench; (*) CSSDM, Tokyo 1985

32Kb RAM Taaf3ns Polysilicon-filled Trench ISSCC 1986
IBM 5Kb ECL RAM Taa-l.Ons ROX & Selective-epi-silicon ICSSDM, Tokyo 1986

-filled Trench
32b Processor Tc =60ns Deep Trench; (no detail) ISSCC 1986

AMD 128Kb PROM Taa-35ns IMOX-Ill-Slot; (*) ISSCC 1986

Fairchild 16x4 Reg. File Taa=O.9ns SAPT; (*) ISSCC 1986

Honeywell PLA Tpd x Power ADB-III; (Trench filled VLSI DESIGN

=26fJ with oxide) Jan. 1985

Taa; address access time Tpd; basic gate delay Ft; toggle frequency Tc; cycle time

(*) ; Trench filled with oxide and polysilicon
(**); Dual-depth trench filled with oxide, nitride and polysilicon

and to omit the planarizing step. ries but logic and microprocessors.

3. BENEFITS AND APPLICATION TO DEVICES 4. PROBLEMS AND LIMITING ASPECTS

The sophisticated trench isolation tech- Trench isolation is now getting essential

niques have following advantages, for bipolar devices and several companies are

1) Higher packing densities than c,- -ational manufacturing devices in volume production. But

oxide isolation. we cannot say that trench isolation is matured

2) Reduction of collector-substrate parasitic to its perfect status. Some problems are still

capacitances. left unsolved. These problems are mainly di-

3) By combining LOCOS or shallow trenches or vided into two categories. One is the structur-

moats, reduction of wiring-substrate and al problems, and the other is the electrical

base-collector parasitic capacitances, characteristics ones. They are often strongly

Accordingly, high performance bipolar de- related and the former is apt to influence the

vices have been demonstrated by using them. latter. If the trench etching process is not

Table 1 shows the list of integrated circuits optimized, the trench shapes change variously.

except ring oscillators made by trench isola- When the trench sidewall becomes barrel-like

tion techniques reported to date. In 1983 only shape or an overhanged structure, the filling

two devices were reported at ISSCC, while in material cannot be filled inside the trenches

1986 there were seven devices of not only memo- completely. After the controlled etch-back
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process, voids appear in the isolation regions. REFEREZNCES

These cause the unfavorable metallization step El] Goto, H., Takada, T., Abe, R., Kawabe, Y.,
Oi, K. and Tsnaka, H.,• IEDK4 Tech. Dig.

coverage. Lateral etching of highly doped bur- 
(1982) 58

ied layers, silicon needles 
called black sili-

(2] Bonder, J.A. and Pogge.H.B., U.S.Patent
con and trenching at bottom edges also make 4104086 (1978)

trench shapes maladapted. When the surface of
(3] Hayasaka, A., Tamaki, Y., Kawamura, H.,these trenches in oxidized, strong stresses oc-OguKanOhki . EMTh.D.

these Ogiue, K. and Obwaki, S., IEDO( Tech. Dig.

cur at the sharp curved edges and cause crystal (1982) 62

defects such as dislocation. They 3re often [4] Tang, D.D., Solomon, P.M., Ning, T. H.,

major reasons of electrical leakage. The most Isaac, R.D. and Burger, R.E., ISSCC Tech.
Dig. (1982) 242

serious problem-is how to get rid of the crys-

tal defects. They seem to be strongly related [5) Tamaki, Y., Shiba, T., Honma, N., Mizuno,

to concentrated stresses, but the mechanism is S. and Hayasaka, A., Synposiun on VLSI
Technology Tech. Dig. (1983) 24

not yet clear although some process modifica- [6] oto, H., Takada, T., Nawata, K. and Kani,

tions have been tried [9], [10]. Y., Symposium on VLSI Technology Tech. Dig.

Even if there are some problems mentioned (1985) 42

above, trench isolation techniques are in pro- (7] Sakai, H., Kikuchi, K., Kameyama, S.,

gress, and it seems there is no limiting aspect Kajiyama, M. and Komeda, T., Symposium on
VLSI Technology Tech. Dig. (1987) 17

in the future. At present, trench 
widths are

limiteu by lithographic systems, not by other [8] Tang, D.D., Li, G.P., Chuang, C.T.,
Danner, D., Ketchen, M.B., Mauer, J.,

factors &uch as etching or deposition. However, Smyth, H., Manny, M., Crossler, J.D.,

the widths cannot be reduced less than the Ginsberg, B., Petrillo; E. and Ning, T.H.,
ISSCC Tech. Dig. (1986) 104

coating or filler material widths. So, the

thickness of insulator needed for satisfied [9] Teng, C.W., Slawinski, C. and Hunter, W.R.,

electrical isolation limits the trench width. IEDM Tech. Dig. (1984) 586

Air isolation is the ultimate goal of trench (10] Sagara, K., Tamaki, Y. and Kawamura, M.,J.

isolation [11]. But before reaching there, Electrochem. Scc., vol. 134 (Feb. 1987)
500

other process obstacles such as metallization
reliability should be removed and they are the

limiting factors for scaling down.

5. CONCLUSION

Trench isolation is now one of the key tech-

nologies in high performance bipolar devices.

It realizes higher packing densities and re-

duced collector-substrate capacitances. It also

reduces wiring-substrate and base-collector

capacitances with process modifications.

Trench isolation, as well as so called so-

phisticated self-aligned structures such as SST

or SICOS, is leading the bipolar technology

towards the ultra large scale and high perform-

ance integrated circuits.
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A2.2.4

A SALICIDE BASE CONTACT TECHNOLOGY (SCOT)

j FOR USE IN HIGH SPEED BIPOLAR VLSI

f Tadashi HIRAO, Tatsuhiko IKEDA and Yoichi KURAMISU

LSI Research and Development Laboratory,
Mitsubishi Electric Corporation,
4-1 Mizuhara, Itami, P.O.Box. 664, Japan.

This paper describes a new process technology, which is called SCOT salicide
(self-aligned silicide) base contact technology, and applied for realizing high
performance prescaler IC and high gate density masterslice LSI. The main feature
of this process, for reduction of the base resistance and capacitance, is a
silicidation of the base contact which is opened by employing self-alignment
technology. A 1/128, 1/129 two-modulus prescaler IC constructed of the 1.5 pum
SOOT transistors has been improved to a high operation of 2.1 GHz at 56-mW power
dissipation. An ECL 18K-gate masterslice has been developed by a variable size
cell (VSC) approach, employing the SCOT process.

1. INTRODUCTION developed as suitable to these requirements.

The two-modulus prescaler ICs used for A relatively large number of the nonutilized

automobile telephones and satellite elements, however, remain in these masterslices.

communication receivers have been required not A variable size cell (VSC) approach (7) employing

only to operate at a high frequency such as the SCOT process is proposed to reduce the

about the G(z band but also to operate with the nonutilized transistors and resistors.

low power dissipation. The 1.6-GHz 63-mW Si

prescaler IC (1) and 1.8-GHz 46-mW GaAs 2. PROCESS AND TRANSISTOR DESIGN

prescaler IC (2) have been reported. In order zo Fig.1 (A) illustrates the top view of SCOT

enhance the performance of the prescaler ICs, it transistor and Fig.2 shows the key step in the
is important to set up an optimum transistor for process sequence. The isolation of SCOT

the high frequency operate at the low power transistor comprised the full-recessed oxide and

dissipation. A new proposed transistor was the semi-reoessed oxide surrounded on the base

realized with the base contact of a salicide area, as shown in Fig.2(A). The P+ poly-Si layer

structure which was made by silicidation of was formed on the base edge exteded over the

poly-Si and silicon surface simultaneously in i aw

the same way as MOS technology (3). Using this of

salicide base contact technology (SCOT) process

(4), the transistor characteristics were

improved and then the high performance of two-

modulus prescaler ICs was obtained.

For high speed data processing systems such I

4 as computer mainframes, the EM masterslice ISIs

have been required to increase the integration FIGURE 1

degree as well as the operating speed. Several
Schematic layout of a SOOT transistor and ISAC

types of ECL masterslices (5),(6) have been transistor.
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the isolation aKids and the poly-Si resistor was comparison with the coventioral ISAC (8)

fabricated simultaneously. After the base transistor shown in Fig.1(B) that the SCOT

formation, the emitter region was produced by transistor has realized the optium transistor

the diffusion from the implanted N* poly-Si. design with reduction of these characteristics.

The cKdde on the base contact and P* poly-Si was The rB reduction in SCOT transistor was
etched away by using the photo-resist mask of done by decreasing the distance D between the

emitter poly-Si etching as shown in Fig.2(C). base contact and emitter and by the double base

The thick oxide was selectively grown over the structure. The distance D, in the case of SCOT

heavily arsenic doped emitter poly-Si. Therfore, transistor, is determined by the salicide base

the oxide covering the emitter poly-Si remained contact structure and is close to 1 pm, a half

after removing the thin oxide on the base value of that in ISAC one. The base area in SON

ontact and P+ poly-Si, and separated the base transistor is decreased to about one-half of
contact from the N+ poly-Si. The Pt-silicide was that in ISAC one. In order to decrease the base

formed both on the epi-surface and P+ poly-Si of area, the emitter length can be decreased as the

base contact, as shown in Fig.2(D). The base goal to maintain a small r B. The reduction of

electrode was fabricated with both the silicide parasitic base region, furthermore, was achieved

of self-align opened base contact and the by the full walled base structure with the semi-

polycide, and then this can be called a salicide recessed oxide and by the salicide base contact
base contact. Opening the contact windows and structure. The vertical down-scaling, in which

Al-metallization completed the processing of the emitter depth is 0.1 pm and the base width

SaOr transistor, as shown in Fig.2(E). is 0.13 pm, produces the higher fT- Table 1

As a result of the gate speed analysis of the shows that a SCOT transistor has been

transistor characteristics (4), the important synthesized in the transistor design for high

parameters for high speed performance are not performance.

only the cuttoff frequency fT' the collector- 3. GATE SPEED AND PRESCALER IC

base capacitance CTC but also the base series The performance of SaOT .transistor used for a

resistance rB . It was learned by the following prescaler IC was improved as compared with the

current product with ISAC process, that is,the

CIc and rB decreased to half value and fT became

(A) Slo WRA~Y S D)P~ twice as high, as shown in Table 1.* The maximum
(D) fT obtained, moreover, is 9.5 GHz at Ic M 6 mA

by the SCOT transistor in which the emitter is
-- - - - - - --

STABLE 
1

Comparison of features of newly developed
prescaler and current prescaler.( E ) c A ft E 6

(C) New development Current product
Process technology SCOT ISAC
Efmftfw i6in 1.5 x 30me 1.52xm'

NEmitter dwh 0.1 O,4 n

Capaitance C"c 9 fF 20 fF
Bass resstanc rg 49 A1 92 A1

Cutoff frequeNy fT 4.1 GI~z 2.2 GHz

2 Delay time of Ring- ec. 140 ps 207 ps
MON. Operting frequency 2. I 0z 1.1 GHz

Fabrication procedure of SiOT transistor. Pow dissiation 56 mw 1258mW
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four-fingers of 1.5 x 5 pm2 .

It is demonstrated in Fig.3 that the gate 2.0

speed tpd of the BM ring-oscillator employing 0

SOOT transistor on same emitter size (1.5 x 5
Im2 ) was faster than that of ISAC one, 1.5 /P0

especially at the high current range by effect z

of reducing r B. The mimimum tpd achieved 116 ps SCOT
at gate current 1g= 1.3 mA. Simulating tpd in 0

Escaling down of the SCOT transistor to 1.0 Pm n 0

emitter, furthermore, the high speed can been

realized at less than 80 ps. 0.8

A 1/128,1/129 two-modulus prescaler IC was 20 50 100 150
fabricated with 1.5 pm SCOT transistors and Pd (mW)
poly-Si resistors. First level metallization of

AISi and polyside cross-under interconnection FIGURE 4

were employed. This prescaler IC operated in a Comparison of maximum operating frequency and
wide range from 400 MHz to 2.1 G~z with 56 mW at power dissipation.

5-V supply voltage. In Fig.4, the performance

of SOT prescaler IC was compared with other 4. VSC KASTERSLICE
products. The SCOT prescaler IC had four times The actual pattern layout of two-input CR/NOR
higher performance than the ISAC prescaler. This gate is shown in Fig.5. In the case of the

prescaler IC operated with the half power current cell approach, a relatively large

dissipation of the reported Si prescaler (1) and number of the nanutilized elements ramain, for
with the same one of the GaAs prescaler (2). example the macrocell array MCA in the simple

Decreasing the power dissipation, we obtained logic functions. The VSC concept is based on the
1.4 GHZ with 30 mW and 850 MHz with only 19 mW. design of an array which is constructed from

cellular units. This VSC construction was found
5006 to reduce the nonutilized elements.

SCOT
,, .. IO l.Ojim EMITTER "'.. ... Ci-- !,

SIMULATION

0.5 1.0 2.0

FIGQRE 3 FIGLW 5

Relations between gate spmd and gate current. Layout pattern of two-inpt ORJiC gate.
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Fig.6 shows a schematic diagram of SWPT TABLE 2

tmansistor and polycide intoromci use for Features of VSC masterslioe.

VSC masterslim2 To realize a 'J9C struture, the __________________

proper use of poly-Si patterns was required Tehooy1.5 MIR rule SiCOT
during the slice process. The resistor value in No. of transistors 39,936

each logic cell was determined by the No. of poly-Si resistors 53,248
silciatonofpoy-i ater. n ddtinNo. of units 13,312
silcidtio ofpol-S pater. I aditinUnit ese 24 MIR X 204 jorn

unused poly-Si patterns can be utilized for the Metal pitch I1at SuJm

policide 3recn~etc.2d Sujm
An FXM 18K-gate rnasterslice (7) was developed 3rd 6 amfn5 ,3

by VSC approach and fabricated by employing 1.5 No of 1/ pins 258
pm SCDT process with four-level metallization. Interface ECL 1OOK conipatihie

The features of the VSC masterslice are Intrinsic gato delay 150 ps

summarized in Table 2. The gate density was Supply voltage Vo : -4.5 V

increased by more than 20 % in the VSC structure Swtcin curr.n 0.Vm

crmpared with the current cell structures. The Ermitt~r-tollower current 0.3 mA/0.6 mnA

basic gate delay of 150 ps was attained at the Chip size 11.90 mm X 11.96 nun

power dissipation of 2.4 mW.
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A2.2.5

TRENDS IN NETEROJUNCTION SILICON BIPOLAR TRANSISTORS

R. MERTENS, J. NIJS, J. SYMMtIS, K. BABRT and N. GBANNAN

Interuniversity Microelectronics Center (IMEC)
Kapeldreef 75
B-3030 Leuven, Belgium

Different types of bipolar transistor emitters are described. Epitaxial emitters can be
achieved by solid phase epitaxial regrowth of polysilicon (at T > 8500C) and recently by
glow discharge deposition at T = 2500C and recrystallization (at T = 7006C). Vide band
gap emitters and narrow bandSap bases result in very high emitter efficiency which has to
be traded-off with emitter and base series resistances.

1. INTRODUCTION Finally, the paper will end with a discussion

VLSI bipolar transistors typically have about the possibilities of narrow base

polysilicon emitters to achieve high emitter transistors.

efficiency and large packing density. In

recent years 11,21 it has become clear that 2. SILICON BIPOLAR TRANSISTORS VITH EPITAXIAL

for optimum performance of polysilicon EMITTERS

emitters in VLSI applications a trade-off must As pointed out in the Introduction

be made between emitter efficiency and emitter polysilicon emitters are suffering from a

series resistance. Work at several trade-off that has to be made between emitter

laboratories has indeed clearly shown that the efficiency and emitter series resistance.

emitter Gunnel number (GME ) is not the Recent work [1] has indicated that high

appropriate figure of merit of a modern emitter efficiency only can be realized at the

emitter-base junction used in high speed VLSI expense of a large series resistance. Such a

applications. The true figure of merit specific series resistance RE (ohm.cm 2) is

depends on GN, and also on the emitter series detrimental for high speed performance if 131:

resistance.

In this paper different emitter-base kT

structures aiming at high emitter efficiency RE > - (1)

and low emitter series resistance will be J

discussed. In a first part of the paper our

work on epitaxial emitters will be described. In (1) J is the emitter current density which

Although epitaxial emitters are not in advanced bipolar transistors can be as
5 2heterojunctions in the strict sense of the ls- o Av 10 A/cm . Formula (1) predicts that

word, they are included here because epitaxy RE shril.d be lover than 2.6 x 10- A/cm2 to

is a technology closely related to elilk. a degradation of the transconductance.

haterojunction processing and since in the This is a very low value which is difficult to

short term these emitter may turn out to be achieve with polysilicon emitters. The

the best alternative for poly-emitters. emitter series resistance of a polysilicon

The second part of the paper will deal with emitter is caused by two components % an

true haterotype emitters starting with an interface resistance caused by the presence of

overview of the different wide-gap emitters a thin interfacial oxide layer between the

that have been proposed in the literature. poly and mono-silicon and a true contact

377

-- __ _ _

/N. .. _ _ _ ... Illlmlnl n lm n



resistance at the metal-poly interface. Both an oxidizing ambient if the anneal is to be

components are considerably higher than in the performed at lover temperatures (- 8500 C) (4].

case of mono-crystalline silicon emitters. Proper adjustment of the annealing time,

The first one does not exist in a temperature and ambient can lead to an

monocrystalline emitter and the second one epitaxial regrovth of the entire polysilicon

strongly depends on the surface free carrier film. Undoped, n-type and p-type polysilicon

concentration. This latter is considerably films have shown similar behavior [4-61 which

smaller In the case of a poly-emitter due to makes low resistivity epitaxial burred p+

carrier trapping and impurity atom segregation base contacts for self aligned "poly --> epi"

at the grain boundaries, bipolar transistors possible.

Besides series resistance problems, the It is not possible, however, to obtain

thickness of the interfacial oxide layer is emitter box-shaped profiles using this method

not easily controlable which causes serious because of impurity redistribution in the

yield and reproducibility problems in aligned region as well as impurity

poly-emitter structures. The elimination of out-diffusion into the substrate during

this thin layer is therefore two fold annealing.

advantageous at the expense of reduced current

gain.

The reduction of emitter series resistance, polysiucon
coupled with an expected increase in

reproducibility is the prime reason for the

interest in epitaxial emitter structures. In

addition, due to the fact that epitaxial

emitters are deposited doped with the

appropriate impurity and not doped by

compensation, a better emitter efficiency is

expected.

2.1. Epitaxial Regrowth of Polysilicon

It has been demonstrated that it is

possible to align polysilicon epitaxially to

the underlying single crystalline substrate by

high temperature furnace annealing or rapid FIGURE 1

thermal annealing [4-71. In order to start Cross sectional TEM photograph showing epi-

the alignment process, a direct contact taxial alignment of polysilicon to the under-
lying substrate after anneal in Argon for 30'

between the polysilicon layer and the single at 1000°C (lcm = 80 nm).

crystalline substrate must, however, take

place. In other words the native interfacial 2.2. Low Temperature Epitaxial Growth by

oxide, though very thin, should be removed. Glow Discharge Deposition

Figure 1 displays a cross sectional TEN Another very attractive approach to form a t

photograph of a partially aligned polysilicon low temperature epitaxial emitter has recently

film after a 30' anneal in Argon at 1001C, been proposed by the authors [8]. Under

and shove clearly how discontinuous the proper pre-deposition cleaning conditions,

interfacial native oxide layer becomes. This heavily doped amorphous silicon films

readily occurs at annealing temperatures above deposited from a silane plasma at 2501C on a

9500C, and can be stimulated by annealing in single crystalline silicon substrate will
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epitaxially recrystallize throughout the film surface; the presence of twin defects can be

after an annealing at a temperature of observed. The advantages of this process are

600-7000C during typically 30'. Figure 2 the large throughput, the good homogeneity

shows a cross-sectional TEN picture of the over large areas, the effectiveness of dopant

as-deposited amorphous silicon film without introduction and the low processing

subsequent heat treatments. This picture temperature. Transistor operation with very

clearly shows that over large fractions of the reasonable efficiency (emitter Gummel number -

interface the silicon is initially deposited 101 cm-4 s) has been obtained (Fig. 4).

under single crystalline form epitaxially

aligned with the substrate. The thickness of

this layer depends from point to point and is

typically 10 nm. The remaining part of the

layer is deposited in the amorphous state.

The existance of this thin epitaxially aligned

layer is probably due to a combined effect of

the presence of F- ions at the surface

resulting from the pre-deposition cleaning

step, and the reducing effect of the silane

plasma on the "native" oxide during growth.

Figure 3 shows the same example after

annealing at 600-7000C. Clearly the entire

n-type layer has recrystallized up to the

FIGURE 3

HRTEM photograph showing the n a-Si.H/c-Si
interface after 30' anneal at 700'C. The
entire n+ a-Si:H film is epitaxially aligned
to the substrate. The insert represents the
microdiffraction pattern of the recrystallized
region.

3. WIDE BANDGAP EMITrER SILICON BIPOLAR

TRANSISTORS

Wide bandgap silicon bipolar transistors

are heterotype silicon bipolar devices which

may allow ultra high fT Q 40 GHz) and room

FIGURE 2 temperature gate delays of 5 ps [9]. These

HRTEM photograph showing the as-deposited n+  expectations are based upon the following
a-Si:H/c-Si interface. The deposited Si is advantages : the combination of a sufficiently I
epitaxially aligned to the substrate over
large fractions of the interface, large current gain vith a low intrinsic base
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resistance, the elimination of emitter stored by the presence of an interfacial oxide

charge and a better control on the uniformity layer. The TEN picture of Fig. 2

of ultra-shallow box-type emitter base demonstrates the onset of epitaxial

profiles. As discussed earlier these alignment over a large fraction of the

advantages should not be realized at the interface at the grovth temperature of 2500C

expense of a large emitter resistance, causing in the plasma CVD reactor. This indicates

a decrease in transconductance and completely that the large emitter Gummel number is not

annihilating the expected gain in transistor an interface but a true heterojunction

performance, effect. Amorphous SiC:H has also been tried

At the moment most of the work on silicon (141, but devices suffer from similar

hetero-type devices is still in the early problems as with a-Si:H.

development stage since only dc results are Hicrocrystalline silicon 1151 : allows large

largely available; results on the dynamic bandgap (1.4 eV) and reasonably low

performance of silicon heterojunction devices resistivities (10-2 0cm) to obtain low

arevery limited, series resistance. However, growing this

The challenges in wide-gap emitter research material reproducibly using the conventional

can be summarized as follows : plasma CVD without epitaxial alignment may

- to find a vide-gap material compatible with be difficult.

state-of-the art silicon processing

- the doping efficiency of the vide-gap le+05-

material must be sufficiently large such a-& HETEROJUNCION

that low bulk resistivities and contact

resistances can be obtained. le+-04

Unfortunately it turns out that these two

requirements are not easily compatible. The

following materials have been investigated, 1e+\

with variable success, as wide gap emitter

-GaP this material is lattice matched to Si

but suffers from interface doping effects; HOMOJUNCTKI

so far poor transistor performance has been

reported 1101. O0x

- SIOS yields excellent GNE but large RE.

Experiments have shown that current gain is

not related to the wide emitter gap but to 10+00

the presence of a thin interfacial oxide le+10 16+1t to+12 lo+13 10+14

BASE GUMMEL MJMSER (arnl
layer 111].

- 9-SIC : although not lattice-matched on FIGURE 4

silicon good quality epitaxial growth Max DC current gain versus base Gumnel number

without large built-in stress has been for different types of emitters.

demonstrate& 112). This material is very

promising, although device performance has Figure 4 presents some experimental results j

not yet been reported. indicating an increase in the dc current gain

- Amorphous Si (a-SisH) j excellent GNE but w when Si wide bandgap emitters are used.
3 2large R (: 10-  am) (131; large series From these preliminary results it follows

resistance is caused by contact rather than that, in the opinion of the authors, two
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B2.2.1

ELECTRICAL PARAMETERS OF SOI MATERIAL OBTAINED BY ZMR ANO OXIDIZED POROUS SILICON

PN. Haond, G. Bomchil, 3-L. Regolini, 0. Bensahel, D. Outartre, 0-P. Vu, K. Berle,
* H. Halimaoul, R. Herino.

Centre National d'Etudes des Telecommunications, BP 98, 38243 Meylan Cedex, France

A. Monroy, S. Thouret, Y. Gris.

Thomson Semiconducteurs, BP 217, 38019 Grenoble Cedex, France

Lamp-Zone Melting Recrystallization (ZMR) of deposited silicon on oxide has
proved to be suitable for making devices. We present here electrical results
obtained in this material on batches of 4-in. wafers, which confirm its crystalline
quality. We also present recent results obtained in 50I material prepared by
oxidizing a buried porous layer. Since laser-ZMR is still in the race toward
the fabrication of a material compatible with 3-0 circuits fabrication, some
new results are periodically available. By presenting electrical results of
the three types of material, we compare and discuss the future trends in SOI
concerning each of these three techniques.

1. INTRODUCTION 2. 50I MATERIAL PREPARATION

Silicon-On-Insulator (50I) is expected to The preparation of lomp-ZMR SOI material

help solving some of the present problems has already been reported /3/. Shortly, a

encountered in the CMOS technology of VLSI grating is etched in an oxidized wafer. it

circuits, namely in the race toward smaller consists in 0.4 pm  deep and 36 pm wide

dimensions: latch-up, dielectric isolation stripes separated by 4 pm lines. A 0.5 pm to

and density of integration, power 0.6 pm thick encapsulated polysilicon film is

consumption,... Many techniques have been used. The cap is a 1.6 pm thick oxide. It

investigated. The use of an oxygen ion avoids the delamination of the liquid silicon

implantation (SIMOX) is presently widely and limits mass transport at melting. The

studied over the laboratories, and is lamp apparatus /3/ consists in a row of

discussed elsewhere in these proceedings. We halogen lamps used to preheat the wafer up to

have been working on Zone Melting 1150 *C. An additional lamp placed in an

Recrystallization (ZMR) for a long time /1/. elliptical mirror is used to melt the

This technique has therefore reached a level deposited polysilicon film. The molten line

where batches of 4-in. wafers can be Is scanned at a speed of 0.2 am/s. The

processed reproducibly and provide a grating etched in the underlying oxide

device-worthy material /2/. Another provides an effective defect entrainment,

technique is attractive since the processing thanks to a solidification front modulation

apparatus is simple and cheap: the oxidation /4/. Fig.la presents a SEN micrograph of a

of porous silicon obtained by anodizing a cross-section of a typical lamp-ZMR wafer.

N/N+/N structure. The last technique we Extended characterizations of these samples

report below is laser-ZMR which is one of the hasv already been reported /5/. The

techniques which should be used for making remaining defects such as grain-,subgrain

3-0 devices. We present these three boundaries (Gee, Sgs) or precipitates are

techniques and compare their respective entrained upon the 4 p. steps of the relief

electrical parameters as measured after grating. The wafers are flat and the slip

having ran wafers of each type in a 3pam CMOS lines if there are any are located in the

technological proceas. bulk substrate and not in the SOI film

itself. Batches have been processed which
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show the reproducibility of the lamp-ZMR

procedure as well as the compatibility of the

wafers with a CMOS process line.

A different approach has been studied to

fabricate SDI material: it is based on the

transformation of single crystal silicon into

porous silicon by anodization in an HF

electrolyte. By taking advantage of the

preferential anodization of N+ silicon, a

buried porous layer can be obtained by

opening windows in the N-type epitaxial layer

8 of an N/N+/N structure /6/. The formation of

porous silicon proceeds laterally until the

whole volume of the buried layer is

transformed, in a self-limited reaction. We

have been working with a controlled potential

in a potentiostatic three electrodes

configuration. The anodization conditions in

HF electrolytes solutions are adjusted to

give an homogeneous porous layer of about 56%

porosity. An oxidation step provides a

buried oxide which is equivalent to a thermal

oxide /7/, regarding its resistance to

chemical etching in HF: FNH4 solutions.

b Fig.lb is a SEN micrograph of a cross-section
of the S0I strucure after the porous layer

has been oxidized. The buried oxide is

homogeneous, displays flat and abrupt

interfaces. In this sample, the N+ layer

doping level was 1.5 E19 cm-3 (antimony) and

was anodized in 35X HF solutions in ethanol.

The oxidation procedure has been described

elsewhere /7/. By using this procedure,

4-in. SDI wafers have been fabricated which
are compatible with a standard CMOS

technological process. The SOI material

consists in 4/36 pm window/active region
stripes, all across the wafer.

Laser-ZNR has been a pionneering technique

FIGURE I for the obtention of S0 material, but its
application has been restricted because

a) S lamp-ZMR dess l : of several drawbacks. The spot size and

a defect entrainment line related overlapping problems remain. Since
1an oxidised porous sample near an

b)anodiation access window . he sample the two previous techniques cannot afford the
has been etched in a 1:7 HF:FNH4 opportunity of making 3-D devices, the laser
solution

c) a laser-ZMR sample neara SEG-filied has not been abandonned. Therefore, new
seed. The sample has been immesed in efforts have been made on the way toward
a buffered HF solution.

obtaining large defect-free areas. In
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V

laser-ZNR where a seed is used, defects are

related to the thermodynamical behaviour of Sol Gate Oxide Lateral Isolation Gate Material

the seed area upon melting, i.e. the

volumetric contraction of silicon and the 5000 A 420 A RIE of mesas Poly-Si:4200A

temperature gradient between the seed and the i

SOI region. These effects can be overcome by Ta e : Process Paraimn.

using a seed filled with single crystal fabricated by avoiding the channel implants,

Si or by usin: discontinuous seeds /8/. i.e. using the as-prepared SOI material.

In our case, we have used a Selective They can either be enhancement or depletion

Epitaxial Growth process (SEG) /9/. Our mode transistors. These natural transistors

samplec are as follows: 4-in. wafers are provide an adequate tool to study the

oxidized up to 0.5-0.6 pm and then etched by properties of the interfaces and to measure

Reactive Ion Etching (RIE) for delineating the residual doping concentration, by C-V,

the seed regions: 2 or 4 pm wide and 40 pm I-V and transconductance (gm) measurements

pitch. The seed lines are <100> or <110> /10/. Since the 50I film thickness is about

oriented. The solidification font is here 5000 A, the channel will be completely

controlled by the trailing edge of the molten depleted or not, depending on the residual

spot. doping level of the SOI. Table 2 presents

A solidification front parallel to the <110> values of drain current as measured on

direction is therefore obtained by using an depletion N+/N/N+, W/L= 30/3Opm (natural)

elliptical spot slanted at 30 o from the transistors at Vg= -2V and Vd= 5V. It is

<100> scan direction. below E-13 A/pm in the lamp-samples whereas

A 1 pm poly-Si film is then deposited, it is about E-9 A/pm in the laser-samples and

followed by the deposition of a 1 pm oxide E-6 A/pm in the FIPOS samples. These values

cap. Since the slanted elliptical spot is are attributed to the residual doping level

scanned parallel to the seed lines, the and to interface states at the back

defects are rejected near one end of the interface. In the three types of SOI

seed. Fig.lc shows a SEN micrograph of a material, the residual doping is N-type. It

cross-section of our sample near the seed is in the low El5 cm-3 in the lamp samples

region. The high crystal quality has been and in the high E15 cm-3 in the laser

confirmed by TEN. The crystalline defects samples. No satisfactory explanation has

are the SGBs which correspond to about 1 been found to explain this N-type, whereas it

degree of misorientation between each side of is in the E16 cm-3 for the FIPOS samples

the SGB. Similar results have been obtained where it can be attributed to a diffusion or

using discontinuous seed /8/. Isolated dislo- to any incorporation mechanism of species

cations exist in the seed regions. They do from the N+ layer used for the preparation of

not extend very deep into the substrate and the material (N/N+/N structure).I, In order to

their density is lower with 2 pm seeds than better qualify the material quality, we have

with 4 pm openings. derived the minority carrief lifetime from

3. ELECTRICAL PARANETERS the time to form the inversion layer in a

The three types of SOI wafers have been depletion mode transistor /11/. Table 2

processed in similar self-aligned 3 pm summarizes the orders of magnitude obtained

poly-Si gate CNOS sequences. The main in each type of 50I. It shows that the lamp

technological parameters are summarized in material is approaching bulk materiel quality

Table 1. The laser results presented below whereas FIPOS and laser materials have traps

have been obtained on samples prepared and which reduce the lifetime. As shown in Table

recrystallized by the LETI and using discon- 2, we have also derived values of electron

tinuous seeds /8/. Natural transistors are and hole mobil~ties from gm(Vg) curves at Vg=
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sample could result from a poorer quality
Residual Doping tg ie pp either of the interfaces or of the materiel

m compared to the other materials. These

Lamps N 2-3 El5 cm-S 10 ps 900 230 parameters have been derived from
measurements performed on edgeless

FIPOS N 2-3 E16 cm-3 1 Ps 500 145 transistors since these allow to avoid the

Laser N 7-8 E15 cim-3 I ps 1000 200 parasitic edge channel encountered in mess
etched N-type transistors /14/. Fig.2 shows

tg: Minority Carrier Lifetime. Id-Vg curves of both P- and N-type edgeless
pe, pp: Electron, Hole Mobility. 72/5 pe transistors obtained in lamp-ZNR

Table 2 : ectil Paraetess Obined fr Natura wafers at Vda 0.1 V. The subthreshold slope
Trnsistrs (N-.JN/ and P+/N/P+). is about 120 mV/decade and confirms a low

density of interface states. This slope can

Vfb (flatband voltage) /12/. Notice that overcome the /theoretical "ideal" value as a

these values do .not correspond to those result of the "kink" effect /15, 2/due to the

measured in inversion or accumulation layers. floating substrate /16/. It can be avoided by

They are close to the bulk values /13/ connecting the source and the channel or

whereas the second ones are lower as a result reduced by thinning the SOI film /17/.

of increased scattering. 249-stage, 3.5 pm effective gate length

These results are confirmed by ring oscillators have been fabricated, in

measurements performed on enhancement mode order to test the dynamic characteristics of

transistors (where the channel has been ion the materials. Table 3 summarizes the

implanted). In Table 3, we present leakage results for the three SO. techniques. We

current levels as measured on 72/5 pa N-type believe that in the laser-samples where the

edgeless transistors at Vg= -2V and Vd. 5V. mobility on individual transistors is high

In each type of 501, they remain below I pA/ (see Table 3), the increased propagation

pa of channel width. Table 3 also displays delay time is partly due to the thin oxide

surface mobility values as derived from Id-Vg used to isolate the seeds (gate oxide), and

curves in the linear region. The high value also to the low thickness of the underlying

of the electron mobility together with a low oxide (0.3 pm).

hole mobility in the laser-samplee could be t0

due to some residual local stress within the

SOT film. The low hole mobility of the FIPOS IE-O3

Leakage Current pe pp tp
(a) cm2/V.s cm2/V. ns decae.

Lamps (pA 620 220 1

FIPOS (pA 570 155 1.7

Laser <pA 670 185 2.2 IE_ _ _

1 -5. 000 0 5. 000
(a) Measured at Vg-+I-21 ,- ; Vd-+/-oV. v 1.OOlvv 0V).0
pe, pp: Electron,Hole ?/,,? .;es. FIGURE 2
tp: Propagation Delay I . -r Gate (3.5 pm effective

channel length). Id-Vg curves of P- and N-channel tran-sistors fabricated in lamp-ZMR material.
Channel width, W- 72um and gate length,

Table : Wuicl Pr -man "Atainsd tfrom N- amd P- L- 4um. Vd- +/- 0. IV and Vg- -/- 5V.
3m . A Trafmisios. The Bulk substrate voltage Vb is OV.
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The number of processed wafers is too 'low level of maturity of the technological device
for the laser- and FIPOS-SOl material to process for a given matarial. Since
provide reliable statistical studies from a lap-material has reached a
wafer to another or from a run to another. process-compatible quality before the other
It must be pointed out, however, that in two, they are a step forward on their way
single wafers the laser- and FIPOS-SOI film toward the production of SOI circuits for the
thickness is very uniform. This point is microelectronics. Specific technological
very important for technological steps such steps necessary. Moreover, the design
as SOI film thinning, dielectric isolation constraints brought on by the relief grating
(mesa etching or LOCOS definition), energy have been taken into account by the circuit
adjustment of the Drain/Source implants... designers who use the defective silicon for

Statistical results are available for the highly doped parts of circuits.
lomp-SOI material where many batches have esa-transport still has to be improved if
been processed. They have first shown that one wants to thin the 50! film down to
the residual doping level should be reduced hundreds of angstroms. This should be useful
down to the £15 cm-3 or less in order to for avoiding the "kink" effect without
allow the adjustment of the threshold voltage density loss. Another "effect" has to be
of both N- and P-type transistors. Notice in reduced, that is the previously reported
Fig.2 the symmetrical characteristics of both "shrink" of the lamp-ZMR wafers /3/. it
P- and N-channel transistors. In Fig.3, we leads to a narrowing of the defect lines. It
display the threshold voltage distribution of must be quantified precisely and be
enhancement mode 20/3 pm N-type transistors reproducible in order to have it correctly
obtained on 4 4-in. wafers of a same batch. corrected at the first mask level, that is
The mean value is 0.9V with a standard the relief'grating level.
deviation of 61 mY. We have already On the other hand, laser- and FIPOS-SOI
presented some statistical results, namely on materials are quite new, as far as the VLSI
the influence of the defect entrainment lines technological process is concerned. FIPOS is
and shown how they scatter the threshold very attractive since the useful material is
voltage distribution /2/. similar to the starting bulk crystal as it

does not undergo any transformation.
However, the residual doping level should be
reduced at least of one order of magnitude if

we want to adjust the threshold voltages.
Moreover, new design constraints are brought
in by the fact that there is no silicon left

0 after oxidation of the porous buried layer.
H The interfacial quality of the oxide should

also be further improved. Finally, the laser

technique has to be characterized more
specifically and precisely, namely concerning
the residual crystalline defects (SGBs,
twins, stacking faults,...) and the residual

.7 .W 1.10 1.3 stress within the recrystallized material.

THRESHOLD VOLTAGE (V) Moreover, the long term stability of the
laser also has to be certified. We believe,
however, that this technique should find some
specific applications in the field of 3-D

FIGURE 3 circuits.

Threshold voltage distribution of N-ty To summarize, we believe that it might be

transistors fabricated in lamp-ZMR wafen, possible to classify the three techniques in
W- 20um, Leffective- 1.7um. The mean value a chronological order of applications toI is O.9V and the standard deviation 61 mV. circuit fabrication. Lamp-ZNR material is

ready for -circuit development.
FIPOS-material should find a medium term

A. DISCUSSIUN application, after the main residual problems
We have presented above the main indicated above will be solved. Laser-ZNR

electrical results obtained in each of the has a certified but probably long term 3-0
three techniques. It must be pointed out circuit field of application and should still
that these results are not independent of the demonstrate its reproducibility and
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crystalline quality an a large scale if It /6/ Holmstrom, R.P., Chi, 3.Y., AppI. Phys.
wants to be applied shortly in the VLSI 2-0 Lett., 42 (1983) 386.
technology.

5. CONCLUSIONS /7/ Berle, K., Soichil, G., Merino, R.,

We have shown that among three different Monroy, A., Gris, Y., Electron. Lett. 22a to 1986) 1291.
techniques used in the recent years to
fabricate SOI material, i.e. lamp- or

leser-ZNR and FIPOS, the level of advancement /8/ Mermst, 3.L., Achard, H., Bono, H.,
is quite different in both material end Joly, 3.P., to be published in ESPRIT

technological processes. Statistical end Technics1 Week, Bruxelles, Oct. 87.
electrical parameters obtained in lamp-ZNR
batches of wafers show that this technique is
ready for providing substrates for making /9/ Regolini, 3.L., Outsrtrs, D., BSensahel,

CMOS devices. On the other hand, problems D., Krpiperis, L., Garry, G., Oieumegard,

related to remaining detects In the material O., Electron. Let,. 23 (1987) 495.
or to a high residual doping level still have
to be solved in the other two techniques /10/ Vu, D-P. and Pfister, 3.C., Appl.

before they can provide reliable substretes. Phys. Lett. 48 (1986) 50.
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B2.2.2

POROUS ANODISED SILICON FOR FULL DIELECTRIC ISOLATION:
The Development of an n/n+/n Device Route

D Brumhead, J G Castledine and J M Keen
J M Cole, L G Earwaker, J P G Farr, P E Grzesczyk, J L'Ecuyer, M Loretto and I K Sturland*

Royal Signals and Radar Establishment, St Andrews Road, Great Malvern, Worcs W/R14 3PS, UK
• University of Birmingham, P 0 Box 363, Birmingham B15 2TT, UK

The n/n+/n route to porous silicon has been used to produce fully dielectrically isolated
silicon islands. Results are presented to show that doping of the island with residual n+
material can be avoided and that the silicon is of high crystalline perfection. The tech-
nique is shown to avoid the limitations of the original p-n technique and to be extremely
promising for SO Device applications.

1. INTRODUCTION the buried oxide can be decoupled from the

Progress is reported in applying oxidised width of the islands, there is no residual

porous anodised silicon for full dielectric spike beneath the centre of the island,

isolation in VLSI. Early procedures [1] were therefore the islands as formed and after

based on selectively anodising p-type regions, oxidation are potentially defect free. A

and NTT made a 64K RAM using this technique. disadvantage is the need for a thin epitaxial

The method, however, had limitations with layer with an abrupt interface to a buried n+

respect to island width and crystallographic layer.

perfection, and resulted in thick porous

layers. Inevitably, a spike was left under 2. EXPERIMENTAL

the silicon islands. Other approaches involve A strip mask has been used to produce

growing good quality molecular beam epitaxial wafers with different structures in each of

layers on porous silicon [2] or rely on a four quadrants. Island strips of width 20,

buried layer beneath the silicon wafer surface 30, 40 and 60 microns have been produced with

to direct the current flow laterally, under 5 micron n+ snodising entry windows between

the device islands [3]. Both of these methods tiem, In the four quandrants, respectively.

have disadvantages in practice. The wafers were anodised at constant voltage

in an ethanoic/UF electrolyte to convert the

We have explored n/n+/n enhanced lateral n+ silicon both between and under the islands

anodisation as an alternative route [4]. Its into porous silicon about half a micron thick.

basis is that the suceptibility to anodising The wafers were subsequently oxidised and

is dependent on the n-type doping level, so analysed.

that higher dopant concentrations lead to

lower anodising voltages and lower porous 3. RESULTS

densities. Therefore n+ material can be Transmission electron micrographs (TEN) of

anodised preferentially leaving a lower-doped cross-sections of island-doped wafers (Figure

n-type island. The advantages of this 1) illustrate the isolation obtained, the

technique over using p/n selectivity are that retention of the island geometry and the

the thickness of the porous silicon and hence good crystallographic quality of the island.
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.. .. .. . . I IIIi l l

SI SIbIsnI porous S Islind ni0d

(a)

ft

SI injbetrate oxldlsnd porous S1 I nltlde

(b)

4 4 /tS aibstrit oxdw pcroua S Iland nnrlde

(C)

g [400] 200 nm

. Cross-section TIN micrographs showing the n/n+/n microstructure following (a) anodising
•Ub)-oIidation at 300oC for 1 hour and 8006C for 2 hours, (c) 300*C for 1 hour, 800*C for I hour
and 1090C for 4 minutes followed by an anneal in dry nitrogen for 1 hour. Note the absence of
defects in the Si island and the sharpness of the interface between the Si island and the porous Si.
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cnetain Si structure N49 concientrto Si structure N20

17

10

110

0 *1
So Depth (microns) 10

Figure 2(a). SIMS profile showing the initial 0 0.5 1
dopant distribution through a vertical section Depth (microns)

of the iland structure. Fiue () SIMS profile showing dopant dist-
The non-uniform structure of the as-anodised ribuion~i after the oxidation of the porous
porous silicon ts related to the implant

profile which is well-revealed by SIMS

analyses (Figure 2a). The pore size and Enrg (MaV)

structure is determined by a complex 5o0c 0.4 0.1 0.0 1.0 1.2 1.4

Fms RANOM SPECTRArelationship between dopant concentration, .. '*FOR POROUS SILlCON
electrolyte composition and the anodising 4000 OLAND STUTUE

current density. By careful choice of OXIWSID

conditions, the doping levels and current 5 J000 k.,.
POROUS. SILICON

density effects can be used to counteract each S KSl COK'A LAND

other in order to achieve a such better AS ANOOSED
uniformity than that shown.

i000 -

The steepness of the profile determines the aXXr--RU
roughness of the Interfaces between the01 20 30 40s
silicon island/porous silicon, and substrate/ Channel

porous silicon. On oxidation, the porous

silicon, together with some of the silicon at Figure 3. Rutherford backscattering (UBS)

the beck of the island and at the substrate spectra from randomly oriented samples of as-
anodised and anodised-plus-oxidised (0 hour at

interface, is converted to SLO2. Th.is to 300C plus 2 hours at 80OOC) porous silicon.

shown In Figure I (TEM) and Figure 3 The spectrum from the oxidised porous sample
(Ruterfod Bakscaterig).indicates fully oxidised SiO 2 with soms of the
(Ruterfod Iek~caterig).back face of the island also being oxidised.
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B2.23

STACU0S: A BASIC 3-DINUIONIL C105 nOCUS

A. Ducher, 1. Haberger, P. eengebrecbt and P. Panish

Fraumhofer Institut fur Feetk6rpertecbnologie
Paul-Gerhardt-llee 42
D-8000 Munich 60, West Germany

110 Transistors have been fabricated in two independent active device layers,
the second of which has been formed through laser recrystallization of a thin
polysilicon layer. The effect of the fabrication process on the devices in the
silicon substrate has been investigated and characterized through electrical
measurements.

1. INTRODUCION itself to a CMOS circuit structure in which

Integrated circuit semiconductor develop- the XNOS and PNOS devices are fabricated in

ment is characterized by constantly increasing their own layers respectively thus simpli-

device packing density. Until recently this fying the process, though it is in principle

has been achieved by reducing the lateral not necessary. Due to the fact that arsenic

device dimensions while increasing the chip is the most thermally stable element in

area. The magnitude of reduction in device silicon it was decided that the n-channel

dimensions has proved to introduce significant devices would be fabricated using As doped

technological problems. Another possibility source-drain regions in the sonocrystalline

for increasing the level of integration is the silicon substrate.
utilization of one or more additional device The 3D process developed requires 10 mask

layers. In addition to reducing the inter- steps and utilizes virtually exclusively

connection length such a tactic allows the standard semiconductor processes. Starting

realization of completely new circuit concepts material for the process is 3" p-type (100)

as well as making possible the utilization of silicon wafers. The first phase of the

mixed technologies. process is the utilization of a standard poly-

In order to investigate the offe t of gate M08 process to fabricate the n-channel

recrystallization of the upper la e of a devices using a 500 A thick gate oxide with a

3-dimenaiosal circuit em the ? i1 4s in the minimum feature size of 4 un. The source-

underlying layer a -S ,, '<ocess has been drain regions are As doped using ion implan-

developed. tation. At the completion of this phase the

surface exhibits significant topography. It

2. PROCESS is known that such nonplanar features have un-

since the primary purpose of this invest- desirable effects on the recrystallization

igatiom is to determine the effects of the process resulting in nucleation sites for

recrystallization process, the technology has grain boundary formation (1]. These effects
0 bee conceptualized to be as simple as are minimized by applying a planarization

possible. Two active device layers have been process which serves simultaneously to
fabricated, the first of which is in the mono- insulate the first device layer. A two stage
crystalline silicon substrate, and the second planarization process is used. In the first
which is fabricated in a thin recrystallized stage a LPCVD oxide is deposited and then

polysilico layer. This arrangement suited patterned to fill the depressions in the
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source-drain areas. k low temperature oxide lands to allow for contacts to the devices in

(LTO) is used for which the etch rate in the substrate layer.

buffered BY is roughly three times that of a

thermal oxide thus allowing processing without

special etch stops. With the proper mask

design this process allows a nearly planar

surface to be obtained. The remaining

irregularities are minimized in a reflow

planarization step in which a 0.1 us oxide

layer is deposited followed by 0.4 um of

Phosphorous-Silicate-Glass (PSG). After re- Fig. 1: Beam form of the argon laser.

flow a 0.2 um oxide layer is deposited to

serve as a diffusion barrier. P-channel polysilicon gate MOS transistors

After completion of the devices in the with a 500 A thick gate oxide are formed in

first layer a 0.5 us thick layer of poly- the recrystallized silicon layer using a

silicon is deposited, doped, and covered with modified standard NOS process. A substrate

an 850 A thick LPCVD oxide capping layer. The contact for the devices in the second layer is

polysilicon is recrystallized over the entire included since it has been found that the

surface with the help of an argon laser. This characteristics of devices with a floating

is necessary in order to avoid excessive substrate are different than those at a fixed

absorbtion in the underlying monocrystalline potential. Additionally the fixed substrate

substrate. The laser power, beamwidth, scan allows for minimization of coupling effects

speed and substrate temperature are 12 V, 70 between the two layers.

um, 3 cm/sec and 500 oC respectively. Mod- The contact window opening proceeds using a

ification of the melt-zone temperature profile combined dry/wet etch process which takes

is achieved through beam forming as shown in advantage of the high selectivity of wet

Figure 1. Following recrystallization the chemical etching while obtaining low levels of

silicon layer is divided into individual is- lateral underetching.

- THERMAL OXIDE
SLPCVD OXIDE

N DOPED REGION
U P* DOPED REGION

P CHANNEL MOSFET ALUMINIUM

AIM
N CHANNEL MOSFET

P SUBSTRATE

Fig. 2: Shematic cross section of a 3D OS device.
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3. RESULTS

A schematic cross-section of a 3D device

consisting of two NOS transistors is shown in

Figure 2. A SIX photograph of the corres-

ponding fabricated structure is shown in

Figure 3.

01

VDS (V)

Fig. 4: Typical characteristic curve of a
n-channel NO transistor.

Fig. 3: SIX photo of a 3D device. -10

As stated earlier the main goal of this in-

vestigation was a determination of the effect

of the recrystallization procedure on the un-

derlying devices in the monocrystalline sub- 2.

strate. Characteristic curves typical of the

NOS devices in both layers are shown in Fig-

ures 4 and S. Although the threshold voltage
of the n-channel devices is slightly negative

this may be easily compensated with an

appropriate channel implantation. The p-chan-

nel transistors exhibit a relatively high 0 -5

threshold voltage of -12 V and a mobility of V CV)
roughly 140 cat/Vs. This may be attributed to V iS (V)
high levels of surface roughness on the Fig. 5: Typical characteristic curve of a

boundary layer at the silieon/gate-oside p-channel NOS transistor.

interface as has been seen with $IN

investigation. The source of this roughness cant effect on the mean values of the thresh-

sy lie in the low scan speed used during old voltage and mobility, the parameter scat-

roecrystallization. toting increases by roughly SO%. After con-

The masurements show that the recrystal- pletion of the second active layer the mean

lisation process has a limited effect on the perameter values have shifted as well. It is

parameters of the devices in the substrate possible that this shift is caused by the

layer. Although the process has no signifi- resultant mechanical stress between the
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fig. 6: Measurement distribution of the fig. 7: Measurement distribution of the
n-channel transistors after completion n-channel transistors after completion
of the first laler. of the second layer.
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B2.2.4

4 VOLUME INVERSION IN 501 MOSFMi WnI DOUDLE GATE CONTROL
A NEW TRANSISITOR OPERATION WITH GREATLY ENHANCED PERFORMANCE

F. DALESTRA, S. CRISTOWOVEANU, Kd DENACIR J. DRINI and T. El.EWA

Laboratoise do Physique dog Composants I Semiconducteurs (UA-CNRS),

ENSEROAINPO, 23 Av. des Martyrs. 38MI3 Grenoble, FRANCE

f

Silicon-On-Insulator transistors are used with a doubl gate contol By this way, a fully inverted silicon rilm
(interface and fillm volume) as obtained. This method allows us to greatly enhance the device performance, in

particular the subthreshold swing, transconductance and drain current. Simulated and experimental characteristics

on SIMOX structures arm analysed to study tho new device.

1. INTRODUCTION

Silicon-On-Insulator materials present many advantages whole silicon film is in accumulation. For highier VG,, the

compared with the bulk silicon VLSI technology lateral potential increases at the interfaces and in the film volume, fromtrisolation, lower parasitic capacitance and power, hoghe speed, depletion to weak and strong; inversion. For VG, a- 0.6 V, the

reduced short channel effects, radiation tolerance,.... potential shift eceds 2*F in every regions and all the film is in

In this communication, the special multi-interface conSi- strong inversion. We propose to call this new device the 'volume-

guration of SOI structures is used to obtain a new device based Inversion MO6FKr (VI-MOSFE-T).I on volume inversion. The theoretical analysis is achieved with.a
*home-made computer program (ISIS) which gie the solution DB VV
of the Poisson equation in multilayer structures (1], and the2s %1l

experiment is carried out on SIMOX devices. . AW

L. SIMULATION z k
The physica principle of the deviceis sown in ftgL VSV) -1.A.. .6..1.2,1.4. 2

*Surface inversion channels can be activated either at the top 0.8 W
interface or at the back interfasce using the normal gate VG., or 2s%

> l.
the secondary gate Vt (bulkt St substrate) reapectively. We

choose to shuuhaneously bias both ga (V02  w K Vr,1 ),

who th coffcin K accounts for the differences in thcns 0. AV Vv. -I. -....... 6 1
and threshold voltae between gate oxide and buried oxide (Km a 0.5

10). X/t1

It the film is thick or highly doped, theneis so overlap of the

two depletion reons and the inversion channels grow almost

independeatly. For eX0ampl in Pft IS, the fi.f is 8110 Potential profiles inside the silicon film for uncoupled (a doping

* ~~depleted for VO0 , - 2V and only a low coupling appears *- 4 1 tcmilthknst =30m)adouedb

between the two conducing cennels. Na - 3.10"1 cm2, tSi -W 10um) interfaces. (27 nm and 380

A difreat behaviour (ftg~b), cause by the couping of am thick oxides).

the two intarfiaes, naFmrs in fim with normal thickness (< 0.2

pm) and low doping (a few 10" cars). Par V0 , .1 V, the
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The behaviour of the VI-NIOSFET is governed by minority ___________

* carriers, which now ar no loge confined at an inerface. Tha. 0D

are significant advantages: greatly increased number of minority
carriesm reduced influence of surface scattering and interface

defects, use of the volume which a much thicker than a surface X =L~1,

inversion layer and has higher carrier mobility. These special

* ~features lead to a great improvement in current value, j3-

sulbreshold slope, transconductance and speed. !
In Fg2 are compared the current-voltage characteristics of Cs~ lo-1

an N-channel VI-MOSFET (K - 10) with those of a normally J.- 2
operated MOSFET (K -0, i.e. inversion layer at the top surface l~5-.

only). The current and transconductance variation versus VG are 0 . .
calculated using a mobility profile suggested by transport -0302071.2

measurements 12] : 12D0 cm2/Vs in the center of the film, 500 V1 IV

cau/Vs at the front interface and 400 cmznt/Vg at the back is1

interface.
x

The subthreshold swing (Fig.2a) of the VI-MOSFET (29 . 12
mV/decade, curve 1) ia excellent, compared with 66t/
mV/decade for the normally operated MOSPET (cumv 2), and d

L09

clearly goes far below dt theoretical limit of the normal 3
MOSFIET (.60 mV/decaoe). LI O.....-

In strong inversion (Fiag.2a) the current of the VI-MOSFeT r

(curve 1) ezcecdaby a factor 3 at V0O - 1.2V that of the UI3

normal MOSFET (curve 2). Th is due to (i) the increase in the
total number of carrier;, (Hi) the improvement of the

subthreshold swing and (iii) the tranaconductance overshoot of -0.3 0.2 0.7 1.2
the VI-MOSFET (Pig.2b, curve 1). Indeed, the tranaconductance V131 IV)
is clearly enhanced for K - 10 (curve 1) in comparison with um2
K-0 (curye 2). The aazuum field silent mobility (1050 Far

Can'/VS), corresponding to the transconductance mnin= Simulated INV characteristics (a) and transconductance (b) for K

cseto the carrier moity inthe flm volum. - 10 (curve1) and K=-0(curve 2), for the device of FIb and a

The comparison with a linear variation of carrier moilt bell shaped mobility profile. The curves 3 (K - 10) and 4 (K =

(without peak mobility in the fim center) between the two 0) are obtained with a linear mobility profile. For the sake of

interfaces (curve 3: K-l10 and curve 4 : K =0O), emmphasizes th simpliit, the mobilities are supposed to not depend on V0.

importance of the volume mobility. It is interesting to note that

even for K -o0 (curves 2 and 4) the mobility profile is important, Fg 3 shows the current-voltage characteristics of N-type

since a volume inversion still eists in a narrow region close to depletion mode transistor. The drain current and the

the front surface. transconductance are compared for the normally operated

MOSFET (K -0) and for the MOSFET with volume-

accumulation (VA-MOSFET) with K-l. Volume accumu-

lation is more easy to obtain than volume inversion, because it is

a "natural behaviour of the silicon film for a normal transistor in

flat band situation. Therefore, the gains are slightly lower for the

VA-MOSFET than for the VI-MOSFET. Ncverhelcss, the use
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of a double PIC control greatly imp roe the important device 3. EXP MiNTS

parameters. Indeed, we can observ in Fq3 a decrease of the All these optimistic expectations are indeed verified.

subthreshold swing (67 mV/dec for K=0 (curve 2) and 34 Experimental evidence has been obtained with P-channel

mV/dec for K-10 (curve 1)). an increase of the trans- MOSFETs fabricated with standard technology on a low-doped

conductance (90 %) and current value (75 %) for the VA- SIMOX substrate (dose l.Si 0 O+cmn, energy 200 keV.

MOSFET. annealing above 1300C). The thicknesses are about 200m for

the film, 27 nm for the gate oxide and 380 am for the burgled

'0.4 12 oxide. The characteristics of 0.8 14m long transistors are given.

R a FigA a and b clearly show the great gains in subthreshold swing

106 (70 mV/decade for K=0 (curve 1) and 29.5 mV/decade for

K = 10 (curve 2)), transconductance (80%) and current value

107 -
which increases by a factor 2.8 at VGi = -2 V, by using a double

U Ugate control. The leakage currents of the VI-MOSFET is very

10 26 low because carrier accumulation occurs simultaneously at both

1 2 *interfaces. Similar improvements have been obtained on N-

12V -channel devices.

The enhancements for the case of depletion mode

10-" 
transistors with volume accumulation are the same than those of

0 the simulated characteristics.

0 0. 1 -20

2-1' -u-o

X1 2 *% 1Z

2- -10-1 - a

-\2 iris
Vol IVl

20

Sim  j1te IVchractel (nd tnoadi et aee (b~) for K (b)

3 V

VIVIV

transistor~fa wit theane traito tecnoogca paaetr tha inX.

Exeimna INcaatrsic a°n rnsodca b
fo anPmmnumarn sto i n& lll on SIMO
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For practical applications of VI-MOSFIr. (or VA-
MOSFEUZ) to overcome the limuitation de to the uwe of the

substrate as a unu secondary Vi. the doubl SJMOX

structure obtained by two oisyp implants [31 can be Proposed

(wee inset of Fr%4b). By this way, a silico laye, lying between

the two burried oxides, is formed and acts indeed as a gate

Segregation of the secondary gates of various VI-MOSPET& is

made by oxidizing the unuseful portion of this film (by simople

adjustenient of the oxygen implantation) or by etching

On the other hand, to decrease the voltages applied on the

back gate, the difference in thickness between the gate and

burnied oxide can be reduced. An other solution is to scale down

the biases of VLSI circuits.

4. CONCLUSION

In conclusion, the transistor performances have been

improved using the new principle of double Sete control of Yl-

MOSFE'rs or VA-MOSFETs. The experimental enhancements

(current, transcoaductance and subthireshold awing gins) are in

agreement with our theoretical calculations.
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A NEW TrPZ OP HIGH PURPORKANCS DEVICE FOR VLSI DIGITAL SYSTUE

XU XIAO-LIv TONG QXN-YIt XONG ME-MING

Mcroelectronios Centers Nanjing Institute of Technology
Nanjing 210018, China

This paper presents a high performanoe Oomplementary Buried Channel P"T
device isolated by high quality silicon dioxide layer using Silicon ea-
for Direct Bonding technology (SDB/OBOPT). The structure and operational
principle of this device is discussed. The properties of an improved 5DB
prooces is investigated. By means of 2D numerical simulation, effects of
interface charge density of bonding interface and 301 layer-Si02 inter-
face on threshold voltage and the threshold voltage shift in submicron
geometry are analysed. The performance of submioron SDB/CBCFIT device
and circuits is evaluated. The results indicate that SDB/CBCPBT device
is superior to bulk COS and S0I/COS in speed, switching onergy, om-plexity, reliability and small size effects as device size decreases
into submicron dimension.

1. INTRODUCTION (8DB) which shows that the quality of
The dominant technology used in no- 801 layer and the underlying SL02 layer

dern VLSI digital system is bulk COS. is not degraded from its original *bulk*
The development of bulk COS has been quality. Based on the characteristics
supported primarily by rapidly decre.- of this technology, we propose a new
sing feature size in the circuits. How- complementary buried channel device
ever, as bulk CMOS technology advances which has higher bulk mobility, much
into submiaron dimension, several limi- smaller short channel effects and high-
tations have become apparoents complex or performance than bulk CM0 and

process sequences, significant short OI/CMOS.
channel effects and serious interaction In this paper, the structure and
between neiboring devices. These nega- operational principle of SDB/CBOFXT is
tive effects have limited CMOS to in- described, its small size effects and
prove its performance by further seal- its device/oircuits performance are
ling. Bilioon-On-Insulator CHOS tesh- discussed by means of 2D numerical

niquo offers an attractive alternative simulation and analysis models.

by providing simple device fabrication
sequences, improved short channel effects 2. DEVICE STRUCTURI
and no latch up problems. However, the SDB/CBCPZT is characterized as a cam-
poor quality of S01 substrate by oonven- pound structure of USPIT and MOSMtional techniques such as SI0X, laser (see Fig,).. In its lateral direction,

anoalling at*. and 301 versions of cor- SDB/CBCFIT has the same doping type for
respondin bulk CHOl devic have limited Source, gate and drain which is similar

better use of 501 potential advantages, to 11183!, while in its vertical direo-
Moreover, the negative stets of COS tion, SDB/CBCPIT employee poly-8i and

device can not be effectively suppressed. 802 layer as its gate uich is identi-

in recent report (1), we investigated a *al to that of NM0813. By adjusting
high quality 801 substrate tehnology doping concentration of both poly-si

403

A



gate and channel region, as wll as so-
looting proper SL02 thickness, the p

obne n the a ehannal devise can both
be hold in deep depletion at soe Sate
bias and normally off baacteisatios
both tow n channel and p channel devise bonding

can be obtained. Therefore, an n channol interface
devise and a p channel device this

type structure can form a basis complo-

mentary Invertsw.(sos Fig.

2.1. Properties of OD Substrate Fig.1 s Cross-Sectional view of SDB/CBC
An 8DB technology has been developed. FM? configuration

The bonding process adopted in our work
involves the following main proces so- CBCFZT has no p-n Junctions at source

quenoes the two mirror polished wafes and drain region. Thus, a significant
oxided in wet axyen, the wafers treated reduction of small six@ effects is ashie-

* in acid solution, the wafers contacted ved resulting in much less threshold vol-
face to face put into a 12 ambient at tage shift, improved punohthrough Petit-

10500'for about I hour forming the 801 tanoo, and higher performance.

substrate. The mnirostructure and *ls- Channel carrier mobility in SDB/OBCIT
trical properties of the 80I substrate is high due to its buried channel nature.

using this SDB technology have boon ox- Furthermore, the low channel doping oon-

tonsivoly studied by TIN and DLTS analy- centration and the low threshold voltage

m. The experiment results show that is responsible for high speed and low

dislooatione aro concentrated on the back power consumption of SDB/CBCPRT due to

side of the substrate and no additional its low logical voltage swing, low sup-

defects have boon developed within 60um ply voltage and high bulk mobility.

from 8i02-3i02 bonding area. Therefore

the interface charge donshty between 301 3. DVICE CHIARACTXRI3TICS
layer and underlying 8i02 Is no more than The 2D numorioal simulation results

the interface charge dansity between oon- show that the interface oharacteristics

ventional bulk silicon and thermal oxida- of 801 layer-undorlying S102 interface
tion layer. Both hole and electron vobi- deeply affect device properties. If the

litios are measured using Van Dew Paw me- interface charge density is large and

thod. The results show that hole and oleo- the thickness of 801 layer is thin, for
otron mobility of the 801 substrate are the n channel device, normally-off oper-

369om /ye and 1079cm /vs respectively ation chango into normally-on operation

whio is almost identioal to that in oni- and for the p channel device, it is in

ginal bulk siloon. Uine the quality of deep depletion status which increases

501 substrate by Ds tohnology is not its threshold voltage greatly. Fig.2A j
degraded from its original bulJk silicon shows threshold voltage vs. 801 layer-
quality, this BO! substrate is very ani- undorlying 8102 interface charge density

table for 0M3013 devie struoture. for n channel device with various SO

2.2. foatur*G of 0CM3 layer thickness. Fig.2B shows the rela-
In contrast to conventional C05S0 8DB/ tion between n channel threshold voltage
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Fig.2
N ohannel threshold voltage shift vs. PiF.3 I 2D doping concentration distra-
interface charge density with 0.5um ohan- bution of n channel device (at o.3V thre-
nal length, 0.78V flat band voltage and shold voltage) (A) and p ohannel device
IV supply voltage for A: BOI layer-under- (at -O.3V threshold voltage) (B) with 0.5
lying 3102 interface with various 801 um channel length. 0.78V flat band vol-
thickness, Bs 8102-3t02 bonding interface tage, 5zlO0lnterfaoe charge density and
with various 8t02 thickness. 1.oV supply voltage.

and bonding interface Oharge density for A Vt
(v)

various underlying S102 layer thickness. 0.O

From Fig.2R we can conclude that as long

as the thickness of underlying U102 is -0.2 CBOM

larger than 0.5um, the bonding interface d (m) *(M

charge density will almost not affeot the -0.4 -.-- 1.0

threshold voltage of SDB/CBCPIY. bulk
PIg.SA&D shows 2D doping concentration 0.0 0.2 0.4 0.0 2 4 6

distrabution of n channel devise (at 0.3 CHANL LXOTN (un)
V threshold voltage) and p ohannel device

(at -0.3V threshold voltage). It is found
that both devices show normally-off oper- P1g,4 3 Threshold voltage shift of n

channel devise vs. channel leglth, with
ation and small punohthrough effects. 0.78V flat band voltage, 5xWlO'ointerfaoo

Threshold voltage shift as a function charge density and 1.OV supply voltage.

of effective channel length for n ohan-

nol devise is shown in Pig.4. The amount shift of n channel device of SDB/CBOPUM
of threshold voltage shift of SDB/CBCIT Is much smaller than that of COS device

determined by 2D numerical simAlation is structure. The 2D numerical analysis ex-

oclared with that of bulk (NOS and that plains the physical origin of the dif-
of 80I/(8108 (2). It is shown that for the forene between bulk N(08, 801/208 and
subioron devise, the threshold voltage mDB/BO . for SDB/BOCT absence of
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TABL 1

L d nd sm/uP Vtn/Vtp Vd T 2
(usn) (M) (m'/v) (v) (v) (po) (W.)

bulk MOS 0.65 5 Lz10' 453/212 0.7/-0.5 5 460 > 100
801/COS 0.8 0.5 laO 600/280 0.4/-0.4 5 95 > 50

SDB/DOfM 0.5 0.3 1laO 1079/369 0.3/-0.3 1 5-5 3.96

Where Lo chanel length; ds thickness of Si layer; Ids doping oonoentration or
active rogions un~aps mobility of a channel & p channel device; Vtn&Vtpi thre-
shold voltage of im channel & p channel dev oie Vds supply voltagee To delay time
per gate of ring osillator; No switching energy.

p-n Junction at source and drain, mall indicate that SDB/CBCPET in a potential

channel depletion charge due to low chan- candidate for very high performance VLSI

nel doping and thin 801 layer contribute digital system.
to much l.e threshold voltage shift.

REFEtINCES
4. CIRCUIT PUFORIMCE (1) Li Wui, Tong Qin-Yis Otal., IPOS 87,

In order to show the important ohara- C.4.4.
Oterstios of 8B/CBCFT device and air- (2) Miohael P.Brasaington, et &I., IEEE

Trans. Electron Devioc, vol. ZD-32,

ouits, we have designed a ring o12lator p18581979.

composed of SDO/CBCPT device, optimised (3) Theodore I *amins et al., IEEE

design parameters and evaluated ring osi- Trans. Zlectron Device Letters,

1lator performance (ae Table 1). The re- vol. ZDL-6, p617, 1985.

sults Indicate that the SDB/CBCFST i (4) A.J.Auberton, et al., 11DM 64, 34.5.

perior to bulk CMOS (3) and S0I/CMOS (4)
in speed, switching energy and power dis-

sipation as device sie advances into

submicron dimension.

5* CONCLUSION

A now high performance complementary
buried channel device isolated by high

quality S102 layer using 8DB technology
has been presented. The characteristics

of the device and performance of the oir-

ouits have been evaluated. Following
results are obtainedi 1) simple process

sequences, high carrier mobility and
small interface charge density of 801
layer by 8DB technology, 2) mall thre-

shold voltage shift for both n channel

and p oannel device, 3) high speed, low

power, high reliability and complexity
of this complementary device. The results
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C2.2._

COMPARISON OF LONG- AND SHORT-CHANNEL
MOSFET'S CARRIED OUT BY 3D-MINIMOS

M. Thurner, S. Selberherr

Institut fftr Allgemeine Elektrotechnik und Elektronik
Technische Universitit Wien
Gushausatralle 27-29, A-1040 Wien, AUSTRIA

An accurate three-dimensional simulation program for MOSFET devices has been de-
veloped by extending MINIMOS (vers. 4) in 3D. The physical model is based on the 'hot-
electron-transport model', which includes the Poisson equation, the continuity equations
and a selfconsistent set of equations for the currents, mobilities and carrier temperatures.
The standard finite difference discretization and the SOR (successive over relaxation)
method are utilized to reduce computational time and memory requirements. Adaptive
grid refinement is used to equidistribute the discretization errors. Three-dimensional
effects like threshold shift for small channel devices, channel narrowing and the accumu-
lation of carriers at the channel edge have been successfully modeled. Our comparison of
several MOSFET's make clear that three-dimensional calculations are most important
for accurate device modeling.

1 Introduction the mathematics on which the simulations are based.
The results of our simulations carried out by

The shrinking dimensions of the elements of IC's 3D MINIMOS are reported in Chapter 3 and will be

require for accurate simulation suitable device models discussed there, too. We shall show that the three-

in physics and mathematics. The two-dimensional de- dimensional simulations are indispensable for the ad-
vice simulations performed in earlier times described vance from VLSI- to ULSI technology.

the electrical characteristics for large transistors well

but the advanced VLSI technology led to serious prob-
lems in modeling such devices and therefore a great 2 The Physical Model and the
demand appeared for 3D simulations. Mathematical Algorithms for

The three-dimensional effects in MOSFETs like the the Three-Dimensional Sim-
increasing threshold voltage and the shift of the break- ulation
down voltage caused by the finite channel width are

not taken into account by the two-dimensional simu- The physical model for the simulation program is
iations [I]; the 2D programs are meanwhile state of the given by the Poisson and the continuity equations andart. Accurate investigations of the previously stated the drift-diffusions model for the carrier current den-

effects and the knowledge of increased current densities sities.
under certain bias conditions at the channel edge are div grd q - p - C) (1) A

important not only for studying the electrical device I
characteristics but also for aging effects 121-131. There- div 3,I = qR (2) j
fore we have extended the two-dimensional MINIMOS div Jp =-qR (3)
to a three-dimensionalsimulation program. A realistic

physical model and suitable mathematical algorithms

have been developed to simulate the previously stated Jp = -qp(p grad 0 + grad (Ut,,p)) (5)

three-dimensional effects.
We shall report in Chapter 2 about the physics and The Poisson equation (1) will always be solved fully
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three--dimensionally; the continuity equations (2) and n.+1)()

(3) at the first level of sophistication are solved two- (n+i)(+1)

dimensionally In the middle of the channel width. The - N 1; ' ZN i-NX-

carrier distribution in the whole volume will be calcu- (+) *a-NY

lated by the assumption of negligible current flow in _ (n) (nIthe third direction J..= = 0. Assuming the va- (n)
lidity of Boltzmann statistics the previous statement- +NY +X)

is equal to constant quasi Fermi levels in the direction in which i = 1l... NX - NY - NZ ( NX points in

of the channel width z-direction, NY points in y-direction and NZ points

aip- Appin s-direction).
CIZ CIZThe advantage of this method is given by the small

So wecan riteamount of memory requirement, precondition work

1 and relatively fast convergency,as well. Through an
nx,y,5 = nz,,; ex( O--b,,)) (6) adaptive determination algorithm for the optimum re-

Y4 _(Ut 2laxation factor w we use only a moderate amount of

1 CPU time 151. The system of the coupled nonlinear
PZ'y'z = PZyXezp(+- Uft . - (7 difference equations are solved with Gummel's itera-

The index T denotes the middle of the channel width. tive method.

The second level of sophistication is obtained by as-jsuming negligible current flow in the third dimension 3 The Numerical Results and
for the majorities and solving the continuity equation Discussion
for the minorities fully three-dimensionally.

The third level is the fully three-dimensional solu-

tion of the continuity equations for both the minorities With the previously given physical model a three-

and he mjoriiesdimensional MOSFET simulation program has been

For solving the previously specified set of equa- developed. We have investigated several MOSFETs

tions we apply for discretization the standard finite with this program, two of the investigated devices are

difference method. The grid generation will be per- presented in comparison and the results discussed.

formed by an automatic mesh refinement algorithm Both investigated devices are of the same geomet-

which equidistributes the discretization error. rical shape and dimensions (Fig. I and Fig. 2) except

The linearized equations are essentially solved with tecanllntswihae5mad1mfro

an iterative algorithm. In our case we apply the SOR device 1 and 2,respectively. The channel widths are

(Successive~~~~~ Ove relxaio ) ehd h eea p the gate oxide thickness l5nm, the substrate
ituerative alovrithm ain):ehd.Tegeea doping 2 -1O 1 cm-3 and the source/drain doping 1.69.

iteraive lgorthm:10 2 0cm-3. In Fig. I and Fig. 2 the field oxide which
4B -.n' = (B - A) -. + b l1imites the channel in the third dimension, can be seen

in slve wih te marixB -- L. D s te dag- at the backside of the MOS model. The contacts of
is slve wih te mtri B ( ~D L) D s te dag- source and drain which are left and right in the figures

onal part of A which is transformed to the unity matrix Ian2,etdovrhecnelwtweeste
while L is the lower triangular part of A. With respect gate contact covers the channel and the field oxide.
to the special linearization method one unknown re- The shape of the field oxide in our case is approxi-

~1duces to: mated by a rectangular geometry.
The potential distribution at the bias condition

UDS = 2.OV, U8 S = 0.OV and UGS = 3.OV can be

seen in Fig. 3 and Fig. 4. The threshold voltages
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Fig.1: Perspective view of the three-dimensional MOS- Fig.2: Perspective view of the three-dimensional MOS-

FET structure with channel length of 5pm and FET structure with channel length of 1pm and

channel width of 1pAm. channel width~ of 1pm.

M0 10

1.0 - 1.0
* mB

p L
* -- -, ' ,s.

Fig.3: 3D-plot showing a detailed view of the surface Fig.4: 3D-plot showing a detailed view of the surface

potential at the channel edge along the channel potential at the channel edge along the channel

length for device 1 at bias UDS 2.OV, UBS = length for device 2 at bias UDS = 2.OV, UBS

O.OV, UGS = OV. O.OV, (IcS= 3.OV.

ILOS
U

o o.

ULO a L

--OP

Fig.5: 3D-plot showing a detailed view of the minority Fig.6: 3D-plot showing a detailed view of the minority

density at the channel edge along the channel density at the channel edge along the channel

length for device 1 at bias DS 2OV, Uao length for device 2 at bias DS = 2.OV, UBS

O.OV. dGS 1 3 tOV o.ov, U.e g eiOV.
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2, respectively. That means that we are far above

threshold. Note the strong increase of the potential in

the field oxide. The minority (electron) distributions III S.M. Sze, Physics of semiconductor devices, ISBN
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carrier densities in the short channel MOSFET (device [21 S.M. Sue, VLSI-Technology, ISBN 0-07-062686-3,
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C2.2.2

THREE-DIMENSIONAL SIMULATION OF A NARROW-WIDTH MOSFET

P. Ciampolini, A. Gnudi, R. Guerrieri, M. Rudan and G. Baccarani

Dipartimento di Elettronica, Universit& di Bologna
viale Risorgimento 2,40136 Bologna, Italy

Abstract

In this paper we illustrate the main features of a general-purpose three-dimensional device-
analysis program, HFIELDS-3D, developed at the University of Bologna in the context
of an EEC-supported ESPRIT Project. The program employs triangular-based prismatic
elements, which provide a reasonable compromise between simplicity and flexibility, but it
is not otherwise limited to any specific device structure. In the present implementation, the
program handles Poisson and one-carrier continuity equation, which allows for the simulation
of unipolar devices. As an example, a typical 3-D problem, the narrow-width effect, is
investigated using a realistic device structure fully accounting for the typical bird's beak.
It is shown that not only the threshold voltage, but also the gain factor, and therefore the
device tranaconductance, are affected by the narrow-width efect.

1. Introduction of the present project, and provides some details on the

Numerical simulation of semiconductor devices in software implementation of the program. Numerical

two dimensions is nowadays a well-established tech- results are illustrated in section 3 and conclusions are
nique for the design of advanced electronic components drawn in section 4.
and processes. As device miniaturization progresses to-
ward submicron feature sizes, however, 3-D effects are 2. Features of the program

getting more and more important even for nominally- HFIELDS-3D allows up to ten semiconductor and
standard planar devices, thus making two-dimensional insulator regions, which can be either simply or multi-
simulation codes inadequate for predicting device per- ply connected. An equal number of insulator-semicon-
formance. In addition, increasingly complex device ge- ductor interfaces, ohmic contacts, gates and floating
ometries are being devised, such as the buried-electrode gates are allowed. Thus, rather complex device struc-
dynamic RAM cell, currently used in high-capacity tures can be accommodated by the program.
memory devices, the floating-gate EPROM cell, and As already anticipated, HFIELDS-3D employs a
the 12L NOR gate, which are inherently three dimen- triangular-based prismatic-element mesh which, in the
sional. All the above devices can only be simulated by authors' opinion, is flexible enough from the geomet-
means of 3-D device-analysis programs, rical standpoint for most practical applications, while

Most of the activity reported so far in this field has still having a number of implementation advantages
been performed in Japan 11-31 and, to a lesser extent, over tetrahedral meshes:
in the United States 141. In this paper we illustrate the * The problem of properly defining the control vol-
main features of a general-purpose three-dimensional umes associated with the nodes of general tetra-
code, HFIELDS-3D, developed at the University of hedra is still largely unsolved or, at least, insuff-
Bologna in the context of an EEC-supported ESPRIT ciently tested. As a result, some ripple could be

Project, and show how such a code can be profitably expected in the resulting solution. c

used to investigate a classical three-dimensional prob- The problem of generating tetrahedral meshes in

lem, i.e. the narrow-width effect in MOSFET's. three dimensions which take real advantage of the
The program employs triangular-based prismatic potential flexibility of these elements (i.e. without

elements, which allow for a reasonable compromise be- converting prisms into tetrahedra) is a very hard
tween geometrical flexibility and simplicity of imple- task. On the other hand, generating a prismatic-
mentation, but it is by no means restricted to any spe- element mesh can be easily accomplished by sim-
cific device structure. In the present stage of develop- ply replicating a triangular mesh in the third di-
ment, only Poisson and one carrier-continuity equation mension. It should be noticed that the above pro-
are solved, thu making the program suitable for the cedure does not imply a geometrical uniformity of
simulation of ulpolar devices, the simulated device in the third dimension, but

SThe next section discusses the fundamental choices it requires step-like changes.
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In its present impl tion the program han- rium potential in the plane normal to the X-axis, lo-

dies Poismn and one carrier continuity equation (elec- cated at the field-oxide silicon interface. The two upper
trons), which me solved using the Gummel 15) enc- plateu" represent the source and drain regions, and
cessive procedure. The adopted disretization scheme the channel appears as a saddle between them. Figure
is the well-known box i tion method! , whereby 3 shown instead the electric potential in the parallel
each node is allocated a control volume which, in our plane located at the gte-oxide silicon interface. The

case, in still a prism. Poisson's equation is discretised ridge at the periphery of the channel is due to the pen-
assuming a piecewise linear approximation for the elec- etration of the device cross section into the oxide and
tric potential along the mesh lines, and a three-dimen- not to an actual increase of the electric potential at
sional generalization of the Sharfetter-Gummel scheme the Si-SiO2 interface. Rather, the fringing field arising
16 is used to discretize the current-continuity equa- from the field-oxide penetrates in the channel region,
tions. The discretization procedure of Poisson's equa- causing a decrease of the electric potential at its edges
tion leads to a set of N non-linear algebraic equations, and thus reducing the effective inversion layer width.
while the corrent-continuity equation leads to a linear Consequently, when applying a drain-source voltage, a
system (if the dependence of the carrier mobility upon corresponding decrease in the corrent flowing along the
carrier concentration is neglected). channel is to be found.

For the solution of the linear system, we employ In order to highlight this effect, some comparisons
the ICCG method for Poisson's equation, and a di- with 2D results have been made: a corresponding pla-
rect solver for the current-continuity equation. Parallel nar device has been simulated neglecting the field ox-
techniques are currently being investigated for a sub- ide and the bird's beak, and assuming equal channel
sequent vector-processor implementation of the code. widths. Figure 4 shows the simulated turn-on charac-

teristics of the 2-D and 3-D MOSFET's for three differ-
3. The narrow-width MOSFET ent values of the channel width, namely W = 0.4 pm,

W = 1.2 Am and W = 2.8 Am, respectively. The drain-
ee rom athr abo hve ppersed iner a he vdsalre urn-hnth~3Doe h ifrsource voltage VDs = 0.1 V in these simulations. The
and/or theoretical results on narrow-width MOS- figure shows that the 2-D MOSFET systematically pro-~~~FET's. From the above papers, one can infer that the vdsalre urn hnte3Doe n h ifr

most important narrow-width effect is an increase of

the threshold voltage as the channel width becomes ence increases as the gate voltage is increased. Thus,
both threshold voltage and gain factor are affected by

narrower, the narrow-width effect. Figure 5 shows the corre-
We have simulated the electrical properties of a pnngur-nhratrtiswhV$=3. ,

narrow-width MOSFET having a fixed, nominal chan- sponding turn-on characteristics with VDs = 3.oV,
nel engh L= IOpm nd noina chanelwidh W which confirm the above statement. The subthreshold

nel length L = 1.0 Am and a nominal channel width W b viour of the turn-on characteristics is better illus-
ranging from 0.4 pm to 2.8 pmo. The mesh of one of the tra, ! in figure 6. For the 0.4 pmo-width device, over

above devices is shown in fig. 1: due to the simmetry one order of magnitude difference between the 2-D and

of the structure, only half of the device is actually con- 3-D models is observed.

sidered. The "bird's beak3 at the transition between A comprehensive view of the IDW dependence

the channel and the field regions is carefully described
on the front plane in order to take full advantage of upon gate voltage and channel width is given in fig-
othe fribiliyonte tingdr tae l dinag ent o ures 7 and 8, where a perspective plot of a 2-D sur-
the flexibility of the triangular mesh; so doing, current face in the 3-D space is shown. These plots emphasize
flow occurs mainly in the third direction, i.e. normal the transconductance degradation and the change in

The 2-D mesh is replicated in the third dimension, threshold voltage which occur for small values of theThe -D eshis epliate inthethir dienson, channel width.
where 19 planes ae accommodated, with slight mod-
ifications which account for the structural changes of
the MOSFET (transitions between the source-gate and

gate-drain regions). The whole mesh comprises 2,505 In this piper we have illustrated the main features
nodes and 4,158 prisms, of a general-purpose three-dimensional device-analysis

The impurity concentration is input via analytical program, HFIELDS-3D, developed at the University
expressions reasonably accounting for source and drain of Bologna in the context of an EEC-supported ES-
diffusions, channel implant and channel-stop diffusion. PRIT Project. Care has been taken to ensure versatil-
The channel implant was designed to give a threshold ity and geometrical flexibility of the code, which allows
voltage VT = 0.7 V. for a wide variety of realistic device structures. At the

AM simulations were carried out on a MicroVAX- present stage of development, the program solves only
GPX work station, and the average CPU time required Poisson's and one carrier-continuity equation, which
was about 1.5 hours per bias point, makes it suitable for the simulation of unipolar de-

Figure 2 shows a perspective plot of the equillb- vices, but its extension to both carrier-continuity equa-
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tis is fors in the near future. The program has
bean shown to perform satisfactorily In the invest-

* gation of the narrow-width effect in MOSflT's, but
much work is still to be done in order to optimise its

* numerical efflclency. To this purpose, the authors are
currently Investigating more efficient algorithms for a-
vector-procmsor veraios of the code. In order to handle
the huge number of equations inherent in 3-D problems Des3.RM
in a ressonable time, the use of vector processors or (

* parallel architectures is mandatory.
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2-D AND 3-D CAPACITANCE EFFECTS IN MOS VLSI

J.H.M.M. Quint, F.M. Klaassen, R. Petterson

Philips Research Laboratories
P.O.Box 80000, 5600 JA Eindhoven, The Netherlatds

ABSTRACT
Spreading capacitances of several MOS VLSI configurations have been calculated numerically

by solving Poisson's equation in 2 or 3 dimensions. Owing to nonuniform charge distributions, con-
tributions from sidewalls and topsurfaces, and shielding effects, considerable deviations from
scarce analytic formula have been found. Successively considered are the cases: 3 parallel conduc-
tors at equal height from the substrate, 2 parallel conductors at different level from the substrate,
gate-drain configuration of different MOSFETs, and two conductors or four conductors crossing
above a substrate.

1. Introduction

Since bias voltage constraints and electromigration ef- substrate and the thickness (7) of conductors are no longer
fects prevent to scale down properly the dimensions of the small compared to their width (WI') and mutual distance
interconnection system, in submicron VLSI additional (S). This is shown in fig. 1, where all possible
capacitance effects become more and more important. Not capacitances of 3 conductors parallel to each other and to
only do charges at the sidewalls and top surfaces of the the substrate are given as a function of the distance S (with
conductors lead to a larger capacitance to substrate or to T = W = I im). Lateral field distributions underlying the
interline capacitance. but nonuniform charge distribution above 2-D results are given in fig. 2 (with the location
and shielding effects cause the capacitance to deviate con- indicated in the inset of fig. 1). While the normal field
siderably from the I-D value, remains rather uniform under the central conductor owing

Although analytic capacitance expressions based on
conformal mapping have been given to correct for several -H = .60um
of the above effects 11.2,3], it is questionable whether --- H = 2.50um
these results are generally useful. Not only are the results E s F 9
limited owing to several assumptions used, but in practical 0.20.
layouts configurations soon become too complicated to a
use conformal mapping. Since an empirical investigation
is costly and sometimes even impossible, the capacitances C -
from a number of elementary interconnect configurations 0.15
have been calculated numerically by making use of the
device simulator TRIPOS [4], which solves Poisson's i

equation in two and three dimensions. Where possible, the 0.10
results have been compared to analytic results. Further- -qF
more the observed trends are discussed from a physical CE

p o in t o f v ie w . -- .. . .

2. Capacitances between 3 parallel conductors and the Fl

substrate 1.4 1.8 ' 2.2 2'.6

Owing to 2-D and 3-D charge distribution effects, the
capacitance per unit length deviates from the conventional Figure 1. Capacitances vs. mutual distance for conductor
I-D formula C = e,,,W1H, when the distance (H-) to configuration given in the inset.
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to shielding by the surrounding conductors, the lateral 3. Capacitances between two conductors at different
field is very nonuniform. Starting from nearly zero value level.1 along the symmetry line (1), the above field peaks to a
high value at the edge (2) of the central conductor due to When two conductors are parallel, but located at dif-
charge crowding at the corners of the conductor (at which ferent levels compared to the substrate, their partial
upto 30% of the total charge may be accumulated). overlap has a specific effect on all possible capacitance

values. This is shown in fig. 4, which gives the
capacitances as a function of the overlap distance S as

Si Al (for 1) defined in the inset. Owing to shielding of field lines

I 1 Originating from the top surface of conductor L, the
oE capacitance to substrate CLB at complete overlap (S = 0)

6 1 5 is lower than the value in the absence of conductor T,
I 4and even slightly decreases at small partial overlap

04-
(S < 0.3 pm). Only when the overlap approaches zero

73. (S > 1.0 Am) this capacitance increases with S. Because

2 of differences in the shielding of field lines originating

_2 from the bottom and sidewalls of conductor T, for the
1 3 capacitance Cm the same qualitative behaviour is observ-
0. I ed. However, owing to the fact that at S = 0 the bottom

S2 3 4 5 surface of T has been shielded effectively, the relative ef-
Y(PM) fects are smaller. Furthermore, while at complete overlap

the interline capacitance CTL varies strongly with the step
RTure 2. Lateralfield along several normal directions for height (HT - HL), for larger values of S the above
configuration offig. I. capacitance becomes completely determined by fringing

effects and therefore hardly varies.

t Owing to shielding effects of field lines originating

from the sidewalls and top surfaces the capacitance to HT 2.6m

substrate of the central conductor (Cpa = A /AVF) is Vt -1 .- HL 1.0

lower than that of the left conductor and for smaller valuesI k -HL o-eW'° T

of the distance S the difference becomes larger. At the 1.1 - O.6.m ,
same time the interline capacitance (CpE = AQEIAVF) in-
creases with decreasing S and at a higher rate, than the 0.9 .
others decrease. As shown in fig. 3 the total capacitance
of the middle conductor CT = CF9 + 2CpE increases with "

decreasing S. In the same figure also a semi-empirical ap- 0.7.
proximation 13] is given. Although the deviation with CL.

TRIPOS remains within 10%, the deviation for the
various parts of CT is larger. o.s !.-.-t0.3

t 2.8- - 0.

TWOS 0.1.

-- ANALYT

0.0 0.4 1.2 2.0 2.8 3.6
- - - - -- - -- - - - - - - - --

1.6 Hx. Pm

Figure 4. Capacitances vs. mutual distance for configura-
tion given as inset (thickness of L = .6 pom).

1.4

1.0 .. 8 4. Gate-drain capacitance of a MOSFET
I 1.4 1I8 2.2 2.6votg v 1u.4I

se"---- Below threshold voltage the gate-dain capacitance
(Coa - A0OA/ VD) is larger than expected from the
physical overlap owing to fringing effects between the

gr 3. Total capacitance of central conductor offig. 1. poly silicon gate sidewall and the drain topsurface, and
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between the drain-channel edge and the gate lower surface fringing effect in deep accumulation is not taken into
(compare the inset of fig. 5). For the conventional account.
MOSFET an analytic expression for the above capacitance

5. Capacitance of two crossng conductors

D When a second conductor crosses a first one at dif-
G Dferent height from the substrate (inset of fig. 6) the field

N i\oV and the resulting charges have to be calculated using a full
A . 1V 3-D solution of the Laplace equation (6]. Fig. 6 gives the

E three possible capacitance values as a function of distance
6 between both conductors. The upper conductor T and the

L.
co lower conductor S have a thickness of 1.1 um and 0.6 pm

respectively, a width of 1 pAm and a length of 20 pm.
// Of course the most pronounced effects are found in

the interline capacitance Crs. Not only is the value owing
to 3-D charge contributions almost an order higher than
the 1-D capacitance value, but the presence of the
substrate causes that the above value is still smaller than

S- . 3.0 the pure interline capacitance value C'Ts (substrate
V0 s(V) removed). In addition the contributions from sidewalls

and top/bottom areas cause the capacitance CTs to vary
FigureS. Gate-drain fringing capacitance of conventional sublinearly with H- 1. Shielding effects are the main
and LDD MOSFET (lines (A, B) are analytic results). reason for Css to increase slightly with increasing H.

has been given [5], but the validity of this approach is
questionable for an LDD-MOSFET with its refined
gradual drain junction profile. For both devices the 2.4
numerically calculated value of CoD is given in fig. 5 as
a function of the gate voltage at two different values of the .6
drain voltage. The devices considered are n-channel type 2.0
with a poly silicon gate (width 0.7 pm, thickness 0.3 pm) L \
on a 17 nm thin insulator. For the conventional MOSFET
the 0.25 pm drain junction has a physical overlap with the 1.6
gate of 0. 17 pm. Using process modelling data the lightly
doped drain of the LDD-type is assumed to overlap the 1.2
gate to an amount of 0.08 pm. o

Decreasing VG from zero Volt (off-state) causes the
building-up of an accumulation charge starting from the 0.8 CTS

centre of the channel region. This growing accumulation
charge gradually reduces the inner fringing capacitance
between gate and drain edge. In the sub-threshold region 0.4C
COD increases with V0 owing to the gradual formation of
a channel starting from the drain. This generally increases
the I-D overlap. At threshold voltage the capacitance
saturates with Po, since the channel is present every-
where. However, due to channel pinch-off occuring at
VD I Volt COD remains lower than the value at Figure 6. Capacitances vs. distance for two crossing con-
VD = 0. Owing to the smaller I-D overlap and partial ductors above a substrate (L = I pm).
depletion of the lightly doped drain region (in particular
at VD = I Volt) the capacitance of the LDD MOSFET is
considerably smaller in the accumulation and subthreshold 6. Capacitances of four conductors
region.

Also shown in fig. 5 is an analytic result [5]. Only for As an extension to the previous case a configuration
the conventional device at VG = 0 this result fairly agrees of four conductors is considered, which are crossing
with the numerical value. However the reduction of the mutually and are located at two different levels above the

419



substrate (compare the inset of fig. 7). Naturally the same fig. 6 this decrease is only a sublinear function of the

3-D effects occur as in the previous case, but owing to the thickness.

1.0.
0.4 -"C.

' " l .uT++ / C "....

, / ..-- .... .....

- -.. C03U U 03 '

0.4 ... ........ .... . ... .CB3
C31... ... - . . o.,

0.2 -. - - .

0.0 0.0
0.0 t.o 2.0 3.0 4.0 0.0 0.5 ;.0 1.5 1.0 2.5 .0

D34 (,urm) D13 (A/m)

Rgwe 7. Capacitances between four conductors (see Fgure S. Capacitances vs. insulator thickness
inset) vs. distance ofupper conductors (d 2 = dM = 2 Am, dig = I ,m).
(di; =di = I ism, di. = 2 Ian).

Conclusions
more complicated situation the calculation is more deman-
ding for the simulator. In spite of making use of symmetry When comparing the results to the limited number of
rules the number of grid points required amounts 30.000. analytic expressions (case I and 3), already strong devia-

In fig. 7 several capacitances to bulk and interline tions are observed. All trends or effects observed in the
capacitances have been plotted as a function of the figures can be explained from a physical point of view. A
distance between the two upper conductors. Except the change of interconnect dimensions or mutual distances has
capacitance C34 the variation of the other capacitors is much larger effect than the thickness of dielectric layers.
dominated by shielding effects. Cal and C21 decrease For I 14m wide conductors 2-D capacitance values may
slightly with increasing distance du owing to the fact that exceed the I-D value by a factor of 5, and in 3-D cases
in this case the upper conductors have a more effective by a factor of 9. Estimating 2-D capacitance values by
shielding on the lower conductors. On the other hand with reducing surface charge integrals to line integrals or 3-D
increasing distance d34, conductor 4 causes less shielding capacitance values as a summation of 2-D cases is too
of field lines originating from conductor 3. Therefore C31 inaccurate.
increases with in creasing d34. Although the lower con-
ductors and the substrate have a shielding effect on C3,
this capacitance still varies with d34'. References

Finally in fig. 8 the insulator thickness d13 between
the upper and lower conductors has been varied. Owing [] M. Elmasry, IEEE EDL-3, 1 (Jan. 1982).
to a reduction of shielding effects the interline [21 T. Sakurai et al., IEEE ED-30, 2 (Febr. 1983).
capacitances between conductors at the same level in- [31 E.W. Greeneich, IEEE ED-30, 12 (Dec. 1983).
crease considerably with an increase of d13. Naturally the [41 D.J. Coe et al., Philips proprietary 3-D device
capacitances between conductors at different levels simulator.
decrease at the same time, but similar to the case of [5] R. Shrivastava, IEEE EDL-6, 3 (March 1985).
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IMPLANTATION and DIFFUSION MODELLING
of BORON in SILICON

An Do Keersgieter, Luc Dupas, Kristin De Meyer'
IMEC, Kapeldreef 75, B-3030 Leuven, Heverlee, Belgium

Abstract
The accurate simulation of implanted and diffused impurity profiles in silicon is extremely

important when developing VLSI processes. In this work simulations with different process
simulators and the corresponding experimental results for implantation and diffusion in N.
ambient of boron in silicon are compared. Our study reports a remarkable dose dependence of
the shape of the experimental profiles. Strategies have been developed to increase the simulation
accuracy.

1 INTRODUCTION -c2o. _. _ U.e . , e16c-
J .2O " 4H2 awl,.C C i

The simulators used in this study are: SUPREMII.5[1], i ±"

SUPREM3[2], ICECREM[3] and PREDICT[41. The substrates

used were 9-13 fcm phosphorus-doped n-type (100) silicon I

wafers. A 400 A thick thermal oxide was grown in dry omy- .

gen at 1000PC. Then 60 keV, B + implants with doses rang- £-

ing from 1012 cm- 2 to 10'17cm - 2 were performed with wafers 2 GE*- 1 sW
22 SUP2

tilted 7 to suppress channeling. The annealing temperatures 7) .suE343 IaE

and times were : 900, 1000, 1100 ,C and 30, 300, 1200 min. G., 5 - 1.. ±-5. 50 C-..

Comparing the experimental implantation/diffusion profiles a)

and simulations (using default model parameters) no satisfac-I tory agreement is achieved. It is found that for long, high 1cIU I~I @E+201 111 0. W Ol . .EL$ m-2

temperature anneal steps simulations and experiments coincide N 1 CA

far much better than for low temperature, short time anneal- 2
I K+19S

ing conditions (Figure 1). In the latter case the actual shape

of the implantation (starting) profile has a pronounced influ-

ence on the final diffusion profile. This is illustated in Figure 2 1 -5

for profiles simulated with ICECREM. For a 30 min anneal at I K _14._ _ __5W

1000 C we still see a tail in the profile which is originating 2. RV2

from a strong implantation channeling model. After 300 min s_ _ _ _ _ _ _.__o

of annealing the shape of the profile has completely changed. , L S b) 2 40 X C--

So, the exact modelling of the implantation profile is not only b)

necessary for improving the accuracy of the final diffused pro- FIGURE 1:
fifes, but it is also v ey im portant for a better understan ding C m ai o e w e i uai n n x ei e t

Comparison between simulations and experimentsand comparison of the diffusion mechanisms. Also modelling a) for low temperature: 900'C, 30 min
of rapid thermal annealing has a need for precise implantation b) for high temperature :11W0C, 30 min

start profiles.

*Proh " of the Katholieke Universiteit, Leuven, Research Associate of the Belgian National
Found for Scientific Research.
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-- In crystalline silicon channeling occurs and the profile is no

' H2&Mw" C, W loner smmetical The at aftone has to account forth
,.61. i im -w by using a frequency function which consists of two

1.61 half Gaussian distributions. If also the peakedness 0 is needed

to describe the asymmetry, the PeasonIV distribution is used.

This distribution is given by 15):

*,C(a) = Doe X f(w)
1.06.12 n, irsmn an.

0. W.08 SEE-e A -".so ,.56.fe W Cs, fy() = K[-(bo+by+byp)]
-

/2b,

( - b,/b, + a

FIGURE 2: 4

ICECREM default profiles: 
X a'ctan 2bob b ,

1 as implanted profile : B, 6OkeV, 10's cm- (400 . oxide)
same profile after Nanneal, 1000C, 30 min a, bmb,,b, am functions ofa,-y,

3a profile after N2 anneal, 1O00'WC, 300 min In this study we concentrate on boron implantations in crys-

talline silicon, unannealed or annealed in N, atmosphere. As all

2 DEFAULT IMPLANTATION MODELLING experimental as-implanted profiles (measured by SIMS) show a

certain amount of channeling (even with a 400 . thick implant

Most process simulators use analytical formulas for mod- oxide and 70 tilt) PearsonlV, modified PearsonlV and modified

elling the implanted profiles. Here different models and also Gaussian models are used (column 4 of Table 1). Using the

different default parameter values are found when comparing default implantion models and paramieters none of the process

the available programs. Most frequently used are the Gauss simulators gives a satisfactory agreement with the experimen-

model (non-channeled profiles), or Gauss-related, PearsonlV tal as-implanted profiles over a wide range of doses (Figure 3).

and PearsonlV-related (profiles with channeling tail) models. SUPREMII.5 and ICECREM show the same tendencies. In both

The model chosen depends on the specified impurity, on the cases the tail extends beyond the extrapolated tail from the

type of target, on the thickness of the implant oxide and also SIMS measurement for doses of io'
- cm-' and higher. For

-on the simulator used (Table 1). o'3 and 1o'
4 cm- 2 simulations and experiments agree con-

siderably well and for the lowest dose (1olI cm- ) simulations

seem to underestimate channeling. PREDICT is the only simu-
EREM GaussJ PearsonlV p.tai lator which accounts for a dose dependency for channeling, but

ICECREM .Gauss PearsonlV
SUPREM3 Gauss 2-Gaussian PearsonlV , the modelling is done in a empirical and discontinuous way.

PREDICT Gauss + exp. tail SUPREM3(version 3C) does not model channeling at all. Also

remarkable is that literature about SUPREM3 always mentions
',Tabie I- Differen t process simulators and their moes for im- a PearsonlV model while the default implantation parameters

plantation of boron in crystalline silicon satisfy the conditions for a Pearsonl distribution.

T G Our study thus revealed a remarkable dose dependence ofi The Gausmd
the shape of the experimental profiles (especially in the chan-

C(c) = eloV, p 2 2-R neling tail region) which is completely neglected by the avail-
/2T able simulators (except to some exend for PREDICT). So it

= Doe x fW , f() : is obvious that the default implantation parameters cannot be

gives a symmetrical profile which can only be used for non- used when simulating the actual implanted profiles and as such

channeled implantation profiles (e.g. in amorphous silicon), will also provide a non-optimal starting profile for the study of

R, is the range of the profile and or is the standard deviation. subsequent diffusion steps.
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FIGURE 3:

Comparison between different. process simulations and experimental SIMS implantation pro-
files for 1/1: B, 60keV, 1012, 1013 ,._.,1017 CM- through 400 A~ oxide. The solid lines represent
SIMS-data. The origin of the x-axis is at the Si/SiO. interface.

i~ . 3 NON DEFAULT IMPLANTATION PROFILES
1 SE-22

In our work we used the PearsonlV model (used in ICE- -

CREM) for extracting accurate model parameters from the ex- IBE-20,

4 perimental SIMS profiles using the SIMPAR[5] package. This

parameter extraction program has originally been developed for K-1. N.

determining the parameters used in the I-V relations of transis-

tors, but it is also possible to built in any user defined model.661

Very good PearsonlV fittings for the experimental implan-

tation results are obtained (Figure 4). The strong channeling .It __.14(______DOI___

effect at highe dones has disappeared. but still some* tailing de- B0.6 6266 B4

pendng on the dose, can be observed. This fitting procedures

leaves all disribution parameters (R,,, o','-, 13) free. This is of FIGURE 4:

course not very practical for proces simulation, but the result- SIMPAR (PearsonlV) fitting results for implantation
ing sets of parameters do exhibit a dose dependence which can
be quite easily described. To model this dependence in a phys-
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FIGURE 5:

Dose dependent implantation parameters: or vs dose, -y vs dose, /0 vs dose
The circles represent extracted values.

ical and Practical way, a second fitting procedure is performed peakedness 03 are approaching to Gaussian values (-y o, ~
where R,, is kept fixed at amean value corresponding to the 3) as the dose increases. This means the higher the dose the

implantation energy. This means we consider It,, independent less channeling occurs. Indeed for higher doses more damage

of the implantation dose. This approach is generally accepted. is created, which reduces the probability for channeling.

On the other hand. uy3are still dearly dose dependent.

This explans also the variation of the position of the maxi-

mumn = A.7 + a, with a a function of -y and ,3. The results for 4 DIFFUSION PROFILES
a 60keV boron implantation through 400 A oxide are given by:

Finally starting from the proper implantation profile, dif-

Ct ferent diffusion models can be compared. All diffusion pro-

w = 2. o10'1n(d*8e0+ 0.17 file were measured by spreading resistance profiling (SRP). In
-y =-o.ogo~f(doBs + 3.40 general we now get a much better agreement with the experi-

0 2-013-y" + 3.52 miental results, also for the low temperature, short time anneal

The extracted parameters and the resulting relationisahips are conditions. Indeed, the strong channeling tail, which could be

show in Figure 5. All non-constant parameters are decreasing observed for defauilt simulations and is not at all occuring in

with increasing implantation dose. The skewness -V and the the exPerimiental profiles, is eliminated (Figure 6, Figure 7)
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1 CECREM implantation 8, 6OkeV, 1O 4CM-2(400. A oxide) 1ICECREM implantation B, 6OkeV, 1014cm-2140 A1 oxide)
IERMN,anneal, 900'C, 30 min2 ICECREM N2anneal, 900"C, 30 min

3experimental annealed profile 3experimental annealed profileISimulations prove that due to the bevel angle used for SRP REFERENCES
the measured junction is 20% less deep than the real junctionIin a non-beveled sample. This bevel-effect [71 is also respons- (1] D.A.Antoniadis, R.W.Dutton, IEEE Journal of Solid State
able for the kink observed in the SRP-profile. Circuits, vol SC14, No2, April 1979, p412

[2] C.P.Ho, J.D.Plummer, S.E.Hansen, R.W.Dutton, IEEE
A moe pofond asisforthestuy an imrovmen ofTransactions On Electron Devices, vol ED-30, No.11,

4 A ereprofundbass fo th stuy ad iprovmen ofNovember 1983, p1438
the diffusion model in the different simulators is established.

Alsothi aproac prvids a orephyicaly ralitic(31 H.Ryssel, K.Haberger, K.Hoffmann, G.Prinke, R.Dumcke,
Alsothi aproac prvids a orephyicaly ralitic traegyA.Sachs, IEEE Transactions On Electron Devices, vol ED-

for adapting the default model parameters in order to fine tune 27, No.8, August 1980, p1484
the simulated* results towtrds the experimental results. [4] R.B.Fair, PREDICT, Microelectronics Center of North

It is made clear that it is very important to look carefully Carolina (MCNC)
4at the existing programs and the implemented models in order [51 S.Selberherr, Analysis and Simulation of Semiconductor

to get reliable results. Indeed, apparently good results can be Devices (Springer-Verlag, Wien, 1984)
obtained for certain process steps or subsequent process steps, [6] W.Maes, K.M.De Meyer, L.Dupas, IEEE Transactions
but more critical conditions can cause a failure of the model. on CAD, vol.CAD-5, No.2, April 1986, pp.320

[7] J.Albers, Some Aspects of Spreading Resistance Analysis,
ACKNOWLEDGEMENTS in: Gupta,D.C. and Langer, P. H.(eds.), Emerging Semi-

The uthrs oul lie t thnk te MP/AS goupof MECconductor Technology, ASTM STP 960, (American So-
The uthrs oul lie t thnk te MP/AS goupof MECciety for Testing and Materials, 1986)

for the SIMS and SRP data.
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P2.1.2

SHALLOW JUNCTIONS OF BORON IMPLANTED IN GE+ PREAMORPHIZED <100> SI WAFERS

A. La Ferla*, S. Cannavb° , G. Ferla ° , V. Raineri E. Rimini*

* Dipartimento di Fisica, Corso Italia 57-195129 Catania - Italy.

o SGS - Microelettronica S.p.A., Stradale Primosole 50, 195100 Catania

Italy.

p-type shallow junctions in silicon were obtained by preamorphization with
Ge+ ions, 20 KeV B+ implants at doses in the 5*1014 - 5*lO15/cm 2 range,
and thermal annealing at 850 °C or 950 0C for 1/2 hr. The junction depth
was < 0.3 um in the preamorphized wafers and > 0.3 pm in the B-bare Si
implanted wafers. The leakage current density measured at a reverse bias
of 10 v was about 100 pA/cm 2 for both procedures. The leakage maps on the

25" wafer gave a density of short circuits of 0.6/cm

1. INTRODUCTION
The formation of shallow junctions of pre-amorphized Si layers with Ge+

by ion implantation is hampered by ions, subsequently implanted with B
+

channeling effect and by the partial and then thermally annealed, in view of

electrical activation in the tail the relevance of the electrical
region of the implanted profile in response of shallow junctions for
particular for B-type region [1]. device applications.
Preamorphization with different ions as
Si+, Ge+ , Sn+ of a surface layer deeper 2.EXPERIMENTAL
than the active range of the p-n Silicon wafers, 5" n-type of 1.5 -
structure prevents channeling tails [2- 4.0 0l *cm resistivity, of <100>
3) and the use of rapid thermal orientation were preamorphized with Ge
annealing [4] provides a quite complete ions - 150 KeV to a fluence of
dopant activation. 5*101 4 /cm 2. Some wafers were

The use of Ge+ ions to preamorphize subsequently implanted with 20 KeV of
the layer presents some advantages [5]. B+ to a fluence of 5*1014 /cm2 ( R -

pp
The implantation can be performed at 670 A, DRp - 340 A ). The annealing was

room temperature, Ge has an infinite performed in a furnace under N2 flow at
solid solubility in Si, its large temperatures of 850 0C and of 950 0C
covalent radio causes a biaxial for 1/2 hr.
compressive strain which can compensate The samples were analyzed by 2.0 MeV

t the lattice strain that arises after 4He+ Rutherford backscattering in
subsequent high dose implantation and combination with channeling effect
annealing of impurities like B or P. technique. The depth profile of carrier
The Ge implantation is superior to the concentration and mobility was obtained
Si+ implantation in achieving uniform by sheet resistence and Hall
amorphization and a regrown region of measurements in layer-by layer removal
high structural perfection results [6]. technique by anodic oxidation. The

In the present work we report in electrical behaviour was determined by
detail the electrical characterization the forward and reverse I-V
of pre-amorphized Si layers with Ge+ characteristic and by the leakage maps.
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3. EXPERIMENTAL RESULTS
The thermal regrowth of T= 850°C

preamorphized Go + layers and E T80
subsequently implanted with 20 KeV B+  10<
was investigated in the 500-600 °C z
temperature range. The initial 0

amorphous layer amounts to 160 nm. The <0 '  B+ Si<00>"\
epitaxial regrowth rate of the a:

-Bt-Siamorphous layer is the same for Ge+ and z
self-ion Si+ implantation. The presence tL0
of B dopants at concentration of Z01017
5*10l 9/cm3 enhances the rate of about a 0

factor ten, in agreement with the data 0 1 0 16
obtained [71 in self-ion implanted 0 0.1 0.2 0.3
layers. Our data support the use of Ge DEPTH 0Jm)
instead of Si, in inducing an amorphous I I = .. . ..
layer. After regrowth Ge atoms occupy E T= 950"C
substitutional lattice sites. i0 I oil - B+-Si <100>

The sheet resistance of samples Z *8(SO
implanted with 5*1014 /cm 2 B in either _O
pre-amorphized or virgin <100> Si n- <10.
type substrates, and thermally annealed -
at different temperatures for 30' is W U

shown in Fig. 1. z~0
L) to I0 6  

X
* THERMAL ANNEALING 00 0.2 0 0 0.5

t:30' N2  DEPTH (jpm)
150 Fig. 2 - Carrier concentration profileE3' of 5"1014/cm2 _ 20 KeV B+ implantedGe'+- Into preamorphized (0) and bare (M)

Si wafers after thermal annealing for
c0 1000- 30' at 850 *C ( a ) and 950 0 C ( b

into preamorphized samples up to 900 IC
500- \annealing temperature. This behaviour

is associated to the regrowth of .-
4-- layers and then to the electrical

activation of the embedded B dopant at

,600 am 000 1200 temperatures well below those required
to anneal out point and extended

T (*C) defects present in the B implanted
Fig. I - Sheet resistance versus samples [8). The sheet resistance of
annealing temperatures for 5*1014 /cm2 - the layers amounts to 250CI /o in
20 KeY B implanted into Ge agreement with SUPREM simulation.
preemorphized (U) and bare Si (0) The doping and mobility profiles were
respectively, determined by etching off thin layers

of Si one after the other and by
Sheet resistence is higher in B measuring the sheet resistance and the
implanted samples than in B implanted Hall coefficient. The thin layers were
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removed by anodic oxidation and the Van after 850 *C and 950 0C annealings:

der Paw geometry was adopted for the Xj(850 0C) - 0.32 pm and 0.2 pm in the
electrical measurements. The carrier bare and in the preamorphized Si,

concentration profiles obtained by this Xj(9500 C) - 0.35 - 0.4 pm and 0.28 -

procedure, are shown, in Fig. 2a and 2b 0.3 pm in the bare and in the

for 5*l014/cm 2 - 20 KeV B+ implanted preamorphized Si. The accuracy of the

into bare Si and into preamorphized method is about ± 0.05 pm. The 950

<100> Si substrates after annealing at °C seems a good choice for the annealing

850 *C and 950 8C respectively. After temperature because at 850 °C a large

annealing at 850 °C the activated B+  amount of defects is still present and

dopant fluence amounts to 4.4*10 14 /cm2  at higher temperature as 1000 *C for

in the preamorphized Si and to few seconds, a considerable diffusion

6.9*10 13/cm2 in the bare S! samples in of the dopant occurs.
agreement with the resistivity data The electrical behavior of the
reported in Fig. 1. The mobility is of formed p-n junctions was investigated
60 cm2/v*s and 80 cm2 /v*s respective- by measuring the forward and the

ly. After annealing at 950 *C the,. reverse I-V characteristics and by the

measured profiles nearly coincide in leakage maps in diodes of 0.22 cm 2

the investigated range. The activated area. The reverse cheracteristics are

dose amounts to 4.4*10 14 /cm 2 in the shown in Fig. 3 for the adopted thermal
preamorphized and 4.3*10 14 /cm 2 in the procedures. No pregettering was adopted
bare Si respectively. The mobility is for the processed diodes. The annealing

60 cm2 /v*s for both. It must be pointed at 950 0C results in a quite reasonable

out that the minimum carrier electrical behavior. The leakage

concentration detectable with accuracy current density measured at a reverse

by this method is of about 5*101 7/cm2 , voltage of 10 v was about 100 pA, cm 2

i.e. at least two orders of magnitude for both procedures ( implantation in

higher than the substrate doping. The bare Si or in preamorphized Si). This

location of the junctions is then low value is very close to the

determined by the shape of the theoretical one and indicates that

concentration profiles at values lower defects and generation centres in the

than 1017/cm3 . depleted p-n junction are practically

As an example the B+ profile cal- absent. The forward I-V characteristcs,

culated by SUPREM is reported, as full not shown, are fitted by an ideality

line, in Fig.2b. The tail is approxi- factor m - 1.02 in the exponential

mated in the simulation by an exponen- factor.

tial decay, whose slope depends on The leakage current maps were also

several parameters, as orientation of measured in the processed 5" wafer at

the wafer with respect to the beam, a reverse bias of 15 v. A typical map
annealing temperature, etc. The first is reported in Fig. 4, together with

Spart of the simulated profile accounts the histogram of the distribution. The

quite well for the experimental data; density of short circuits amounts to

but the distribution in the tail cannot 0.6/cm 2 . The wafer was processed in

be inferred by these measurements, and such a way that a central region of 2"

the location of the junction can be diameter was preamorphized with Ge and

only guessed. then all the wafer was implanted with

A staining technique has been 20 KeV B'. A direct comparison is then

adopted to measure the junction depth possible between preamorphized and as

and the following results were obtained implanted diodes.
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tion with Go doesn't deteriorate with
S LEAAGE CURRENT the residual defects the electrical

6 response.
& " 950 T
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central region was preamorphized with

Ge + implantation.

The leakage map and the distribution

indicate that within the experimental

accuracy no significant difference

exists in the electrical behavior of

the diodes processed in the two ways.

This indicates that the preamorphiza-
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P2.1.3

THE EFFECT OF HIGH PRESSURE STEAM OXIDATION ON PHOSPHORUS DIFFUSION IN SILLICON

I WU BAI LU

Graduate School of Academia Sinica, China

ZHANG Al ZHEN

Beijing Institute of Semiconductor Devices, China

LI SHY LIN

National Institute of Metrology, China

XUE SHI YING

Academia Sinica, China

The effect of high pressure steam oxidation ,5-I 9.
7 

atm.) on phosphorus extrinsic
diffusion in (Ill)--and (lOO)--silicon at 700Y-970 C has been examined by spreading
resistance probes and ellipsometery. It has been found that the OED and ORD appear
at the higher ajpd the lower temperature, respectively. The OED-ORD transition point
is at about 880 C for 401 in 7.5 atm. for (111)-silicon. The difference in effective
diffusion coefficients between oxidation and non-oxidation regions (D) is proportional
to (x /t)n, the power figure n is related to the oxidation conditions. These results
can b e explained satisfactorily by considerations which take into account oxidationrate and concentration effect on phosphorus diffusion in silicon.

With the development ot VLSI, the smaller performed with spl planar solid source at

device dimensions are needed. Therefore the 1140 C for 8'. After that the surface phase

fine control of impurity profiles is more im- layers were removed with the dilute HF solu-

portant. The high pressure oxidation is an tion. Then the Si3N 4 films of 1000 X thick-

excellent oxidation process for VLSI. A preci- ness were deposited on the silicon surface

se understanding of the effect of this oxida- and subsequently were photolithographically

tion on impurity redistribution is a require- patterned into I m.m. wile parallel stripes

ment for device processes and has important so that both the nonoxidizing and oxidizing

significance for further solving the physical regions could be on the same wafer. The

mechanism of oxidation enhanced diffusion thermal oxidation was carried out in a high

(OED) and oxidation retarted diffusion (ORD). pressure steam oxidation system which was

This paper reports that several new pheno- automatically controlled by a microprocessor.

mena found under the high pressure oxidation Before and after oxidation, the spreading

are different from those in atmospherical oxi- resistance profiles (R-X) were measured by

dation. ASR-IOOB spreading resistance probes. The

oxide thickness (x ) were measured by a TP-77

1. EXPERIMENTAL CONDITIONS ellipsometer.

Original silicon wafers were 
7
-15.cm, p

type (100)- and (111)- orientated single crys- 2. EXPERIMENTAL RESULTS AND DISCUSSIONS

tal silicon. The phosphorus diffusion were The oxidation curves of (111)-Si in 7.5
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FIGURE 1 FIGURE 2

Oxidation curves 8f silicon in high pressure Matched spreading resistance profiles of
steam at 700 -970 C phosphorus in silicon

atm. steam at 700-970
0
C are given in Fig.l. coefficients Do, DN were calculated from the

It can be seen that the oxidation rate (dxo/dt) measured junction depths x and sheet resis-

is very fast at 9700, 8800, 780
0
C, it has run tances in both the oxidation and the nonoxida-

in the parabolic oxidation regime. While at tion region according to Gaussian distribution.

700 C, it is in the linear oxidation regime. By doing so, the segragation effect of the

It is implied that the difference in impurity moving boundary in the oxidation region is

diffusion in silicon under high pressure and ignored. The validity has been discussed by

atmospherical oxidation is not due to the some authors [1, 2, 3]. It can be noted from

difference in the oxidation equation, but is this figure that D0 >DN at the higher tempera-

correlative with the oxidant supply. ture (970 C), that is OED. While Do=DN at 8800c

Several typical spreading resistance pro- for 40', it is the transition point of OED-ORD.

files for different experimental conditiors are When the oxidation time t is over 40' or the

shown in Fig.2. From 2a and 2b, it can be temperature is lower than 880 C, then D'0ON,

observed that the impurity distribution and that is ORD. Another regular phenomenon is that

the ratio of the junction deepth, x /xjn , are D decreases as increasing the oxidation time t

related to the crystalline orientation of sam- at the same temperature, and DN also decreases

ples. Within the pressure and the temperature except for 970 C so that the enhancement de-

range used in this experiment, all of the creases while the retard increases.

phosphorus diffusion in (100)-Si are retarded A plot ofAD versus time-mean effective

(ORD), and its diffusion coeffecients are all oxidation rate x0 /t is shown in Fig.4. A result

bigger than those of (111)-Si at the same con- of normal dry oxygen oxidation given by

dition. By comparing 2c with 2d, it is obvious Y. Ishikawa [9] is also plotted in the figure.

that the effect of oxidation on diffusion is From Fig.4, AD and x0 /t have a power relation-

correlative with pressure (p) of oxidant, ship except for near the transition point.

A plot of the logarithm of diffusion coeffi-

cient versus the reciprocal of 
absolute tempe- 0DI = A(x/t)

n

rature is shown in Fig.3 for phosphorus in within the parabolic oxidation region indicated

(111)-silicon in 7.5 atm. Here, the diffusion in Fig.1.
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Diffusion coefficient of phosphorus in silicon Oxide growth rate dependence of D of
versus reciprocal temperature phosphorus in silicon

x0/t = 2(dxo/dt) tions from the shrinkage to the growth, again

to the shrinkage in the similar temperatureI Thus, we have

S/ nrange. These results verify once again that

0  OED (ORD) and OSF are two behaviours coming

Where, the n is different from the predictive from a same physical process - the injection

value (n=l) of S.M.Hu model [7] and the results of non-equilibrium point defect, and the

given at normal oxidation by other authors [9, phosphorus diffusion in silicon is mainly via

10]. The n can be positive or negative. It is interstitialcy mechanism.

depend on the temperature, pressure, oxidant The measured effective diffusion coeffi-

composition and crystalline orientation of cient (D) may be considered to be a superposi-

samples. Particularly near the OED-ORD transi- tion of three physical effects: the Fick

tion point, the n approaches infinity as a effect Di, the concentration effect ADc and

limit. It means some criticality and is well the surface oxidation effect AD O, that is

worth notice. D = Di + ADc + AD O

Another interesting phenomenon is the rela-

1tionship of DO/D -I plotted in Fig.5. The In the nonoxidation region, AD0 =O. Also
h o / N -T ADc(970 C) =0, since the surface impurity con-

right half is our result in 7.5 atm., but the centration (l.3x1O 19cm-3 ) is lower slightly

left half was obtained in dry 02 by Francis and than the intrinsic carrier concentration in

Dobson [11]. When the temperature is increasing silicon at 9700C. Thus, DN(970 C)=Di and has
0 0 siioNt90C hs,0(7 )D n a

from 700 C to near 1300 C, it undergoes two N 0
no change with t. While below 970 C, ADcO0 and

transitions from ORD to OED and again from OED change with t, and so do the D , In the oxide-

to ORD. By comparing it with the relationship tion region, there are both Dc and AD

* 0'
of the lngth of oxidation induced stacking Strictly speaking, ADc and AD0 effect each

faults (OSF) Vs I/T of Fig.6, it can be found other [4]. But, as a first approximation, we

immediately that OSF also undergoes two transi- can assume [5, 6] ADc(O)WaDc(N), then
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[2) T.Kato et.al., Jpn, J.Appl. Phys. 3(7),

AD--Do-DN=ADo, that is, the measured AD can be 377 (1964).

approximately considered to be the result from [3) Y.Nabeta et.al., J.Electrochem. Soc.,123,

oxidation solely. 1416 (1976).

The AD., as has been recognized [7, 8], come [4) B.E.Deal et.al., J.Electrochem. Soc.,112,

from non-equilibrium point defect injection (4), 430 (1965).

into silicon caused by oxidation reaction at [5] C.P.Ho et.al., J.Electrochem. Soc.,

SiO2-Si interface. In turn, the point defect 126(9), 1516 (1979).

injection would be dependent upon the relative [6] Wu Bai-Lu et.al., to be published.

rate between the diffusion transporting of

oxidant at SiO 2-Si interface and the reaction

consuming of it at the interface. This suggests [8] T.Y.Tan et.al., Appl. Phys. Lett. 40(7),

that the lack and the excess of oxidant at the 1. April, 1982.

interface result in interstitail and vacancy [9] Yutaka Ishikawa et.al., J.Electrochem.

injection, and so for OED and ORD of phosphorus. 
Soc. 129(3), 644, 1982.

The pressurizing is in favour of oxidfnt trans- [10) K.Taniguchi et.al., J.Electrochem. Soc.,

porting, the decrease of temperature and the 127(10), 2243, 1980.

increase of time result in retard of interface [III R.Francis and P.S.Dobson, J.Appl. Phys.
i 50(l), 280, 1979.

reaction, hence ORD is favoured. In a similar

way, the difference in oxidant composition and [12) Natsuro Tsubouchi et.al., Jpn.J.Appl.

crystalline orientation also has effects on Phys. 17, 223-228 (1978).

OED (ORD).

In summary, the result of high pressure

oxidation shows that the phosporus diffusion

can be enhanced or retarded, it is dependent

upon the oxidation condition.
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P2.1.4

SHALLOW JUNCTION FORMATION USING CoSfi AS A DIFFUSION SOURCE

V. PkobeO, P. Upense, .Va den hove KL Masx, EL Shsber and I. Do Kaemraer

Interuniversity Microelectronics Center (1M10 v.Lw.), Kapeldred 75, B-030 LAuven, Belgium
*SEUM S AG, Central Research and Development, Otto-Hahn-Ring 6, D-8000 Munchen 83 BRD

Thin layers of CoSi2 (120 nm) were used as a source for B and As diffusion in order to form shallow steep
junctions with high interface concentration. SIMS depth profiling as well as two-dimensional characterisa-
tion of the indiffusion demonstrate the power fo this technique over a wide range of temperatures and times.
Diodes with a high yield and a very low leakage current density (t1 nA/cm2) prove the reliability of the process.

1. INTRODUCTION acteristics of this diffusion source, the CoSi 2-salicide process,

as described in [2], was applied first on unpatterned Si-wafers.
The shrinking of device dimensions in integrated circuits After formation of 120 nm CoSi2 at 700*C for 30 s (RTP),

necessitates a significant reduction of junction depths towards the desired dopant was implanted into the silicide with a dose

the 0.1jim scale. In order to improve device and circuit speed, of 5.E15 cm- 2. Simulations using the program TRIM85 [41

however, parasitic elements such as series resistance have to be were used to determine a suitable implantation energy assuring

reduced as well. These two requirements cannot be satisfied confinement of the implant within the CoSi2-1ayer (20 keV in

simultaneously by conventional junction formation processes, the case of B, 50 keV for As). Prior to the diffusion step, the

nor by dopant diffusion from poly-Si such as applied e.g. in silicide was capped with 200 nm of CVD-SiO 2 in order to pre-

self-aligned bipolar devices [1]. Silicides, on the other hand, vent dopant loss to the ambient. The diffusion cycle was either

are proven to be successful in order to reduce the contact performed in a conventional furnace or in a rapid thermal pro-

and sheet resistances. The silicidation of extremely shallow cessing system (RTP), in order to test the diffusion behaviour

diodes, however, requires special attention. When the con- and stability of the CoSi 2-source over a wide range of temper-

ventional silicidation of preformed shallow junctions is applied, atures and times.

the diode yield decreases drastically with decreasing junction

depth/silicide thickness ratio [2]. Therefore, the diffusion of In a second experiment shallow silicided n+-p and p+-

dopants from the silicide into the silicon is an attractive al- n diodes were fabricated using the diffusion of dopants from

ternative to this process [3]. Besides the benefit of avoiding CoSi2 . Active areas were defined by a conventional LOCOS-

direct implantation of dopants into the sin,, .-crystal silicon, technique. The silicidation, implantation and diffusion steps

the proposed method of junction formation is expected to be were carried out following identical conditions as for the unpat-
'self-adjusting' to the silicide/silicon interface shape which has terned wafers. Then a CVD-oxide was deposited and contact

a certain degree of roughness. Therefore, junction shortage due windows were opened. Ti/W was used as a diffusion barrier

to inhomogeneous silicidation can be avoided, between the silicide and the Al-metal layer. Finally, a sintering
in forming gas at 450*C for 30 min was carried out.

2. EXPERIMENTAL

3. RESULTS
In this work, CoSi2 was used as a source for B and As dif-

fusion into mono-Si. In order to study the fundamental char- Four-point probe measurements were performed between

l',rmmH.,,IuI ,'Ir..~h~-Si,-iwm. A6( (.i rid I..l .1 , I '''I''|' the processing steps to check the change in CoSi 2 sheet resis-
,,I.,,!t (tI~ii'l,,',} tance. Due to implantation damage, the initial sheet resistance
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The diffusion of the dopants in the silicide was measured w

by secondary ion mass sectrometry (SIMS). Figure 1 shows
the as-implanted B Profile in comparison with the 8000C/30

min diffusion step. Due to the fast diffusion Of 8in COSi2 at

that temperature a complete equdistribution has taken place
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FIG. 2: SIMS-Profiles of B-indiffusion from COSi 2 at dif-

cog., OW _9ferent heat cycles.

BORONinterface-concentrations between 31E19 cm-3 (at 950*C) and

81E19 cm-3 (at 11000C) show the reliability Of CoSi2 as a diffu-

a' I sion source over a wide temperature and time range. A junction

- I depth of about 200 nm can either be achieved by 9500C/30 min

a furnace anneal or by 1050OC/10 s RTP. As expected, the sur-
face concentration is higher for the RTP sample. The same

a.. tendency is shown in fig. 3 for As-indifFusion. However, due

as' I ARSENIC IN KVWO-SI

10 0 2 03 04 05

IIFIG. 1: Boron profiles measured by SIMS: as-implanted '..

and diffused OutOf CoSi2 at 001C for 30min. 1

In fact, more important fEPT deiaplctin is the indif-ha 2 0 ~ O
fusin o thedopnts romthe silicide it h ooS.Ep-1

cially tetemperature-dependent junction depth and interface- ,w9*CM
cocnrto eo aninterest for scaling and contact- 3000 losec 6OSe

resstncerepecivly.Inorder to exclude matrix-effects during 10 7 r

SM-esrmnantoavoid limitations in depth resolu- 01PT 02 r 0.I 2 2
60n th CQi2 asselectively remnoved from the mono-Si by

etching in 25 % NfF. Figure 2 shows the indiffusion of boron FIG. 3: SIMS-profiles of As-indiffusion from CoSi 2 at dif-

from CoSi 2 for diffesret heat-cycles. Junction depths from 100 ferent ha yls

nm(for 800*C/120 min) to 500 nmn (for 1100*C/60 s) and

438



to the lower diffusivity of As in mono-Si 7], the As-junctions

are shallower than the B-junctions formed at equivalent condi-

tions. Interface concentrations between 2.E20 cm- 3 and 3.E20

cm- 3 were achieved for As at 9500C and 11006C, respectively.

In general, the indiffusion behaviour of B and As from CoSi2
is very similar to the indfffusion from poly-Si (6], M. Slight

deviations in the interface concentrations could be due to the

different segregation behaviour or solid solubility of dopants in

CoSi2 which requires additional experiments.

SIMS-depth profiling on shallow junctions (< 50 nm) (e.g.

800C/120 min As-indiffusion) need special measurement con-
ditions such as low energy primary ion beam, which increases

measuring time drastically. For determination of the junction

depth only, the method of bevel and staining (BS) is more ef-

ficient on these samples. Table I gives a summary of the junc-

tion depths obtained for B and As for various annealing condi-

tions, measured with SIMS, BS and spreading resistance probe FIG. 4a: SEM-cross-section showing the CoSi 2 /Si inter-

(SRP). Taking into account that these independent methods face and the diffusion front for the boron diffusion at
yield junction depths at different doping levels, a good agree- 900*C, 30 min. FIG. 4b: SEM-cross-section for boron

indiffusion at 10500C for 30 s. FIG. 4c: SEM-cross-
ment is obtained between the different results which proves the section showing CoSi2-'globules' surrounded by the dif-
reliability of the data. fusion front for As-diffusion at 11000C, 60 s.

ARSENIC BORON grains, the interface to the mono-Si and the diffusion region are
!k , " S7E W i a WA W clearly seen. These micrographs reveal that the diffusion front

- .LFS-O 3TP 2 0' 30' 10" 60" , 2h 130 30 10" 60'X tEP 3follows the COSi2/Si interface at a nearly constant distance.
at ! 'I -:l150 170 310 110 1SO 200 220 500

;M M 3 I1The explanation for this self-adjusting mechanism is similar to
'ri5 Is-,! 40 70 140 120 290 110 10 M190 19014w0 that for the pol-Si diffusion source in ref. 7. The CoSi2/Si

XjSRp InJ W 330 110 470 interface itself behaves like a grain boundary with high diffu-

sivity. The dopants are mainly supplied by the vertical grain
TABLE 1: Comparison of junction depths obtained by boundaries, but also from the bulk of the CoSi 2 (81. Reaching
indiffusion from CoSi 2 and measured with SIMS, SRP,
bevel and staining (BS). the interface, they immediately redistribute in the lateral train

boundaries before slowly diffusing into the mono-Si.

An important issue is the lateral homogeneity of the junc- Figures 4a-4b also show that the lateral growth of the

tion. Since the mentioned analysis methods give one-dimensional CoSi2-grains from dG t-- 0.3 pm at 9000C/30 min to dG
information (averaged over a large sample area) only, SEM 0.6 pm at IOW C/30 s is accompanied by a local conglomera-

was'applied on selectively etched cross-sections to visualize the tion of the silicide. This in consequence causes a temperature-

CoSi2-grains and the two-dimensional shape of the diffusion dependent local change in thickness and an increase of the
front with high resolution (at a dopant concentration of about interface-roughness from about 50 nm at 9000C/30 min to

5E1 cm- 3 ). about 140 nm at 11000C/60 s. This is even more pronounced

in the case of As-doping, where the CoSi 2-1ayer has balled up
Figures 4a and 4b give examples for the case of B-diffusion locally after a heat cycle of 1100OC/60 s. However, even this

at 9O0C130 min and 100°C/30 s respectively. The CoSi2- extreme case confirms the self-adjusting mechanism of indiffu-
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sion by w CO%- 5lolIs surrounded by the difu- 4. CONCLUSIONS

i sms front. It is demonstrated that CoSi 2 is a very useful and flexi-
(Ir~w S a (m~lan mm ) . - ble diffuion source fo arenic and boron. SIMS-analyses show

Figure 5 give a tyical I-V (forward and reverse) Character- ndbro. IS-nlye so
isti of - -1 to. bya diffusion of B or As at OO(C/120 that shallow as well as deep junctions with high interface con-

mi in N2. Table 2 smnimaizem the average laage cu t centrations can be obtained by furnace anneal and RTA. Two-
deity for sevl diffusion conditins (devices with leakage dimensional analyses of the diffusion (SEM) reveal an interface-

ret ta /related self-adjustment of the diffusion front which avoids junc-

thee), Even for the highest temperature cycles (1100-C) where tion shortage due to inhomogeneous silicidation. Diodes formed

the silicide has balled up locally (fig. 4c) leakage currents as by B or As indiffusion from CoSi 2 show ideal forward and (e-

low as 1 rA/crn (at 5 V reverse bias) were .eed. This verse characteristics with very good yield even for extremely
) shallow junctions of 40 nm (As) and 100 nm (B).

also ndCates that the generation of trap centers related to Co
in the space charge region must be much less pronounced than
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SEMROX bird's beaks were processed for different sets of parame-
ters including variation of the buffer oxide thickness, nitride
thickness and temperature. A numerical simulator is used to
discuss two-dimensional stress-and diffusion effects.

1, i R,1,.,. m a. a. DzzUs12A UFCS

For many standard oxidation processes In [31 it was shown by a simple quali-

it can be observed that the oxidation tative model that the length of the

rate is strongly stress-dependent. k bird's beak grows with increasing

qualitative description of this effect buffer oxide thickness and diffusion

has been given in (1,21. The first constant and drops with increasing

effort for a quantitative analysis of reaction rate. In this case the under-

this effect was made in [41 where cir- diffusion of the mask via the buffer

cular etched silicon structures were oxide was considered.

oxidized and the oxide thickness was

measured as a function of the radius.

By using rotational symmetry the actual-

two-dimensional problem was reduced to

one dimension and thus could be de-

scribed by an ordinary differential

equation. In [41 the different oxida-

tion rates for concave and convex cor- W ZD

ners were attributed mainly to a pres-
sure dependence of the viscosity thus

allowing no conclusion on the behaviour

of oxidant diffusion under stress.
FIG. 1: Typical bird's beak geometry.

ks will be shown in the next section The start of the under-diffusion-region
is defined to be the position where the

the length-to-width ratio of a bird's oxide thickness reaches ze+z2n/10. The
beak is a function of the diffusion width of this region is measured at the

coefficient/reaction constant ratio. mask edge.

Thus the bird's beak experiment pro-

vides better orthogonality between the Exact numerical values for the depen-

oxygen diffusion and reaction because donce of the bird's beak length on D,

it delivers as results not only the K, and z can be extracted from numeri-

oxide thickness but also the length-to- cal simulation only. For this purpose a

width ratio of the under-diffusion geometrical definition of the width-to-

region. length (w/l) ratio was defined accor-

ding to Fig. 1. For the numerical simu-

lation the Deal-Grove model was ex-

441



tended to two dimensions by using the The second set of mechanisms has been

Finite Element method. Viscous flow was observed by various workers but a quan-

assumed for oxide deformation. titative model has been given only by

Kao (4]. The coefficients of the
Fig. 4 shows that the dependence of governing equations are dependent on

the w/i-ratio on buffer oxide thickness mechanical stress by a Boltzmann type

is linear whereas it's dependence on relationalip.

the reaction/diffusion (kID) ratio ex-

hibits a rather nonlinear behaviour (1) k. - ke exp(-o&Vk/kT
(Fig. 2). D Do exp(-pVo/kT)

C* - C*. exp(-pVc/kT)

-=a. exp(a(T)p)

o. denotes the normal stress at the Si-
iO2 interface, p the hydrostatic pres-

sure, C* the saturation concentration
001 and p the viscosity of the oxide. The
002 V's are denoted as activation volumes.

0.05

10 0.8AL U92UMM

In this work (100) lightly n-doped (5-

20 Dcn) silicon wafers- were cleaned and

oxidized in dry O to form a buffer

0.8- oxide between 100 and 800 A. Silicon
nitride of a thickness between 200 and

2000 A was deposited. After chemically
etching the nitride a wet oxidation was

0.6- ______________ performed at temperatures between 900
.6 2 ' 5 .kk and 1100 C. The TEN. preparation of the

3 4 5 cross section was performed by mecha-

nical lapping and successive ion et-
ching.

FIG. 2: The w/l ratio of a bird's 
beak

depending on the reaction
rate/diffusion coefficient ratio. (The
linear and parabolic growth rates are AJ YAZA 9ZRD 2 ZUM
related to these constants by ki/kp -

k/20) Samples were fabricated with various

pad oxide thicknesses at 1000*c oxida-

1. 133 WZIMUM tion temperature with a 1200 A nitride
mask. Qualitatively the profiles behave

The shape of the bird's beak is in- as expected and show reduced under-dif-

fluenced by mechanical stress. The two fusion for lower pad-oxide thicknesses.

mechanisms involved are: However a quantitative comparison be-
- direct deformation of the oxide by tween measurement and stress-free sinu-

pressure exerted by the nitride mask lation shows that the measured bird's

- stress-dependent coefficients (Dif- beaks have the tendency to be longer

fusion, reaction, viscosity etc.)
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and flatter than the simulated pro-
files. The agreement is quite good for

a large pad oxide thickness (Fig. 3a).

However for small pad oxide thicknesses

the difference is clearly visible (Fig.

3b). In Fig. 4 the w/l ratios of mea-

sured and simulated bird's beaks are
plotted against the buffer oxide thick-

ness. The comparison with the stress-

free simulation case shows that the
differences increase with shrinking

C1 buffer oxide thickness.

D

k
0.5-

b 2 8 zQ/oolp
FlG. 3: TRD micrographs of bird's beaks

grown with 800 A (a) and 100 A (b) Fla. 5: Effective values for diffusion
buffer oxide together with stress-free coefficient (D) and reaction rate (k)
simulation. depending on buffer-oxide thickness

normalized with respect to the stress-
free values.

Wil To quantitatively estimate the influ-
ence of stress on the diffusion- and

reaction rates the bird's beaks were

1.2 re-calculated with the values for these

rates adapted such that the best fit
for the geomtry of the under-diffusion-

region was obtained. The. values, which

can be interpreted as mean-values for

10 the whole under-diffusion-region, are
shown by Fig. 5. The mask effect ap-

pears to be strong for a small pad
oxide thickness. In this case the mask

is strongly bent. If the values of the

coefficients are translated into

2 8 zoaol 1jm stress-values via Kao's model (1) it

can be concluded that for thin pad

oxides the mask exerts strong normal
Fl@. 4: w/l ratio versus buffer oxide stress along the interface and that
thickness: x-measured, o-strees-free
simulation

"3

IL oe•"~EE dm



compreasive hydrostatic pressure is profile could only observed for the
dominating throughout the under-dif- maximum nitride thickness (2000A) at

fusion-region. The mask affect becomes 1100* (Fig. 6a). For the same nitride

weaker for thick pad oxides. The mask thickness, but lower temperature this

is only slightly bent and seems to effect is much less pronounced (Fig.

enhance the region of tensile pressure 6b). This is due to the fact that the

shown by numerical calculation. Nonthe- oxide becomes softer an compared to the

less a reduced value of the reaction nitride for high temperatures. In the

rate can still be observed, second case the mask acts only indi-

rectly through stress-induced reduction

of the reaction rate. This results in

L. Variatio gL Nitride Thickness stronger under-diffusion and thus leads

to a very long bird's beak.

To investigate mechanical effects sam-

ples yere fabricated with different

nitride thicknesses at different tempe- CONCLUSION

ratures. A direct deformation of the

oxide, which leads to an assymetric Extensive experimental data concerning

the influence of technology parameters

on the shape of MOS field oxide were

obtained and characterized. Oxide

growth is strongly influenced by mecha-

nical effects. It was shown that the

influence of stress on the reaction

rate plays the main role. In addition

the diffusion coefficient is enhanced

significantly for some cases. Quanti-

tative data on these effects were ex-
tracted.
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VERIFICATION OF ION IMPLANTATION MODELS BY MONTE CARLO SIMULATIONS

G. Hobler, S. Selberherr

Institut ffir Allgemeine Elektrotechnik und Elektronik
Technical University of Vienna
Gulhausstrake 27-29, A-1040 Vienna, AUSTRIA

Monte Carlo simulations are perfectly suited to check the validity of simple models. We investi-
gate 3 models: First, we show that ID models for the implantation into multilayer targets give
reasonable results only if the stopping powers of mask and bulk material are similar. Second,
we discuss the construction of 2D point responses from ID profiles. Third, we show that the
method of superposing point responses at mask edges may fail in some cases.

I. INTRODUCTION consider 3 situations:

The Monte Carlo method is known to be the most 1) Implantation into bare material I (concentration
powerful tool for the simulation of ion implantation. profile C1 (z)).
Analytical models, however, require much less CPU 2) Implantation into bare material 2 (concentration

times and allow easy consideration of experimental profile C2 (z)).
data. The latter is particularly important because 3) Implantation into a mask/bulk structure with given
Monte Carlo simulations usually assume amorphous mask thickness d, where the mask material is ma-

targets so that they do not always yield correct pro- terial 1 and the bulk material is material 2 (con-
files for implantations into crystalline targets Il. centration profile C(z)).

As simple models are usually based on physical con- The purpose of the models is to construct C(z) from

siderations and Monte Carlo simulations take physics Ct(z) and/or C2 (x). CI(z) and C2 (z) may be ob-
most accurately into account (apart from the assump- tained by simulations as well as by experiments. The

tion of amorphous targets), Monte Carlo simulations models read:

are perfectly suited to check the validity of these sim-
ple modeiz. In particular, we will investigate in this = Ci(X) x < d ()
paper 1D models for the implantation into multilayer 0(z) •C2 (z-d.( 1- '-  z> d

targets (Chapter 2), the construction of 2D point re-

sponses from ID pi'ofiles (Chapter 3), and the method C() z < d

of superposing point responses to obtain dopant dis- C(z) = C (2)
tributions near mask edges (Chapter 4). C2 (z- - d')) z> d

Our Monte Carlo program is, from a physical point 2 (R ) 2 d
of view, similar to the well known program TRIM 121. C(X) = / 1 I < d (3)
One mayor difference of our code is that we evaluate C2 Cxd.( R, x3)
scattering angles by interpolation in a precomputed- - •_ - /J z >d

table. The 2D simulations have been performed with a A 2'R2
code which allows arbitrary geometries. Both features j . 02 \"","" z) x < d
are described in Ref. 131. C2(z) = ( I- "R- > (4)c:,~~~ iCd 1- ) >

2. IMPLANTATION INTO MULTILAYER
TARGETS C1(z) < d

In a recent paper 141, Ryssel discussed 5 models for 0(z = 1  (5)x>
the implantation into multilayer targets. These models - d AR -
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a in (1) and do in (2) are adjusted in such a way that ent energies and for 3 values of the mask thickness.

J C(z)dz = f Cj(z)dz (= f C2 (z)dz), what is auto- P-implantations have not been considered because P-

matically fulfilled in Models 3, 4, and 5. Rpl, Rp2  profiles in SiO 2 and Si are almost identical. The ener-

denote the mean projected range and ARpl, ARp2 the gies are usually 30 keV, 100 keV, and 500 keV (10, 80,

standard deviation of C1 (z), C2 (z). 500 for B and Be), the values for the mask thickness

Ryssel gave qualitative arguments in favour of about kRp ('thin"), ERp ("medium"), 7Rp ("thick").

Model 1. To investigate the models quantitatively, we In order to present the results in a compact manner,

have calculated C1 (z), C2 (z) and C(z) by Monte Carlo we have introduced 4 degrees (cf. Tab.1 and Tab.2):

simulations and then constructed C(z) from Cj(z) and "good" means that the profiles deviate in depth far less

C2 (z) by applying one of the Models 1-5. Comparing than 10%, "fair" means less than 10%, "poor" more

the two versions of C(z), one can easily see how good than 10%. "catastrophic" has been introduced to in-

the models are. dicate that one of C(x), C2 (X) would represent the

Two examples are shown in Fig.1 and Fig.2. Fig.1 profile in the mrk /bulk structure better than C(x) as

shows good agreement between Model 1 and Monte calculated from the model.

Carlo results for an As-implantation into SiO 2 /Si. In In Tab.1 and Tab.2 there is listed for each mask

Fig.2 can be seen, however, that the model fails com- thickness and each model the number of cases with

pletely for a Be- implantation into SiO 2 /GaAs. In good, fair, poor, and catastrophic agreement. (Note

this case the profile in bare SiO 2 would describe the that the sum of each column is 9, as we have 3 ion

profile in SiO 2 /GaAs much better than the profile con- species at 3 energies). In Tab.1, which is for SiO 2 /Si,

structed by Model 1. This indicates that the models it can be seen that the general agreement is quite good,

fail, if mask and bulk material have very different stop- however, only Models 1 and 3 are always "good" or

ping powers like SiO 2 and GaAs. "fair", and Model 1 is slightly better than Model 3,

To confirm this result, we have performed simula- in agreement with Ryssel 141. On the other hand, all

tions for B-, As-, Sb-, and Be-, Si-, Zn- implantations models completely fail for SiO 2/GaAs (Tab.2). Only

into SiO 2/Si and SiO 2/GaAs, respectively, at 3 differ- for thin masks Model 3 gives good results.

10 . .. ......... . ....
_Model I

Mode I - ---- - Monte Catlo (SI02/GaAs)

E E Monte Cas'° (S'02)

U) n)
0 0As O.in S0 2/6.

0 0

0 romak (o.61s O

g a~, ,/ a { o

moo 0.06 0.10 0.15 0.20 0.00 0.10 0.20 0.30 0.40 0.50 0.60

depth Ipm] depth [pm]

FIGURE 1 FIGURE 2

As-implantation into Si through a SiO 2 mask. Be-implantation into GaAs through a SiO 2 mask.
dashed line: Monte Carlo profile in SiO 2 /Si. dashed line: Monte Carlo profile in SiO 2 /GaAs.
full line:. Profile in SiO 2 /Si due to Model 1, con- full line: Profile in SiO 2 /GaAs due to Model 1, con-
structed from Monte Carlo profiles in bare SiO 2 and structed from Monte Carlo profiles in bare SiO 2 and
bare Si. bare GaAs.

dotted line: Monte Carlo profile in bare Si0 2.

446



I . l l I l l

mask thin medium thick 10' ............. 0.25

model 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 E

good 9 4 9 7 1 6 5 5 3 5 9 9 4 1 9 ,E iwfv
fair - 3 - 2 2 3 4 4 1 4 - - 5 2 - 0.20 c
poor - 1- - 6 - -- 5- - - - 6- i s  

0

catastrophic - I1-.- ------ -- - - -

o '0.15 -TABLE I 0

Number of cases with good, fair, poor, and catas- 10'
trophic agreement for implantations into SiO 2 /Si. 0 0 c

C -

mask thin medium thick C 0 O
.0

model 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 0

good 3 - 6 2 .....-.----------
fair 2 - 2 - - 3 - I ........ 3 10.00
poor - 2 - 3 - 3 1 3 11 1 1 1 0.0 0.1 0.2 0. 0.4 0.5 0.6

catastrophic 4 7 1 4 9 3 8 5 8 8 8 8 899 depth [Im)

TABLE 2 FIGURE 3
Number of cases with good, fair, poor, and catas- Depth dependence of the lateral standard deviation for
trophic agreement for implantations into SiO 2/GaAs. Be in GaAs (100 keV).

3. CONSTRUCTION OF POINT RESPONSES 4. SUPERPOSITION METHOD

FROM ID PROFILES The superposition law says that the response to a

Responses to punctiform beams play an important homogenous beam is identical to the sum of responses

role in the Superposition Method (see Chapter 4). For to punctiform beams which are equidistributed over
a long time it was believed that one parameter, namely the width of the homogenous beam. For a rigorous

the lateral standard deviation, would be enough in- application of this law we would have to know the
formation to construct the 2D point response C(x, y) actual response to every punctiform beam along the

from the ID profile Cvert(Z). This was simply done by surface. In practice, however, point responses are con-
multiplying Cvert(Z) with the lateral Gaussian func- structed from ID profiles and may therefore not take

tion gauss(y) given by ay: into account boundaries other than perpendicular to
the beam. In the case of a mask edge those ions are not

C(x, y) = Cuert(x) • gauss(y) (6) treated correctly by the superposition method which
leave the mask laterally and re-enter the target. The

This means that the lateral profile at any depth is a

Gaussian function with fixed standard deviation. In a question is now, whether these ions may significantly

previous paper [51 we have shown that this is not true contribute to the total dopant concentration.

for Si-targets. The lateral standard deviation depends To investigate this question, we have performed

strongly on the depth, and also the lateral profile is Monte Carlo simulations for a simple structure, name-

not always well represented by a Gaussian function. ly a rectangular mask on a planar bulk. In this case,

We have now investigated GaAs-targets, and we according to the superposition method, no ions should

found quite the same behaviour as for Si: For light reach the Si-region which have originally entered the

ions (Be) the lateral standard deviation decreases with mask. So, if we only expose the mask surface to the

depth (Fig.3) and the lateral kurtosis is smaller than 3. computational ion beam, any concentration in the Si-

For heavy ions (Zn) the standard deviation increases region indicates a failure of the model. We have per-

with depth and the kurto-sis may assume large values formed simulations for B- and As-implantations at var-

near the surface. For Si-ions, which lie between the two ious energies. The results for B at 100 keV are shown

cases, cr does not depend very much on the depth. in Fig.4. The concentration in Si is about one order

of magnitude lower than the peek concentration of di-
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B+-ions: I0 keV I-oa: 100 keV

LL.J LLLLIAJ
SiO SiO

I °" I *

-. 0. 1.2 0. 1.2
LRTERRL (JM) LRTERRL (OM)

FIGURE 4 FIGURE 5
B-implantation into Si by a rectangular mask. B-implantation into Si by a rectangular mask.The contour lines represent the logarithm of the The contour lines represent the logarithm of thedopant concentration devided by the dose II/cm. dopant concentration devided by the dose [I/cm].Only the mask region is exposed to the beam. The whole simulation area is exposed to the beam.
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For As- and low energy B-implantations this extra In: Process and Device Modeling (Ed. W.L. EngI),Elsevier, North Holland, pp. 31-69, 1986.concentration may be well neglected, because in thesecases the profiles have their maximum near the sur- (21 J.P. Biersack, L.G. Haggmark:
e t"A Monte Carlo Computer Program for the Trans-

face and will therefore cover the dopants which have port of Energetic Ions in Amorphous Targets"
made their way through the mask. A similar situa- Nuci. Instr. Meth., Vol. 174, pp. 257-269, 1980.
tion as in Fig.4 and Fig.5 is expected for high-energy i3 c G. Hobler, S. Selberherr:
P-implantations. "Efficient Two-Dimensional Monte Carlo Simula-

tion of Ion implantation"To avoid this effect, one could use a thicker mask, Proc. NASECODE V Conf., Dublin, 1987.
since the ions which leave the mask laterally will then 141 H. Ryssel, J. Lorenz, K. Hoffmann:
spread over a wider range. E.g., for a mask thickness "Models for Implantation into Multilayer Targets"
of 2#sm in Fig.S the effect would almost disappear. Appi. Phys., Vol. A41, pp. 201-207, 1986.

Another possibility would be to tilt the mask edge. In 151 G. Hobler, E. Langer, S. Selberherr:
this case, however, the dopant distribution below the "Two-Dimensional Modeling of Ion Implantation

with Spatial Moments"mask edge would be increased. Sol.-State Electron., Vol. 30, No. 4, pp. 445-455,
1987.
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P2.1.7

A SIM4PLIFIED MODEL FOR THE CHARACTERIZATION OF ANTIMONY ION IMPLANTATION AND DIFFUSION ON
SILICON

REUSI INES FONSECA

Laborat6rio de Mlcroeletrinica da Escola Politicnica da USP
Departamento de Engenharia de Eletricidade, P.O. Box 8174
05508 Slo Paulo, Brasil

The main purpose of this work is to show how with a simple analytical model of diffusion,
using only Ro and x- experimental data, is it possible to calculate the relationship be-
tween the electricaliy active charge and the initial implanted dose of Antimony in Silicon.
It will be shown that Qel/Qdose < 1 in agreement with many others authors1.2,3, and a lower
diffusion coefficient than that commonly used by SUPREM II simulator is achieved through
this model, which allows good fit with the experimental data.

1. INTRODUCTION

High dose implantations of Antimony in Sil- These results are in good agreement with

icon studies are receiving considerable atten- those published earlier by many others authors,

tion in recent years, by many authorsl,2,3,4, indicating that this model,although verysimple,
owing to their applications as an impurity source is sufficiently adequated to describe the

in the fabrication of buried-layers in high fenomena correlated with the Sb diffusion on

speed, low power dissipation Bipolar Transis- Si.

tors5,6,and resistors with special characteris-
tics 7, convenient for VLSI circuits. It is well 2. THE ANALYTICAL MODEL

known that for small concentrations of Sb in Si, After annealing and drive-in diffusion,impu-

almost 100% substitutionallity and electrical rity concentration redistribution from an ion-
activity is achieved2,3, whereas high concen- implanted source can be treated as a Gaussian

trations exceeding the solid solubility limits profile, with fixed amount of impurities, given

of Sb in Si form metastable solutions and cause by Qdose. Therefore, it is well known that only

segregation effects, indicating that a fraction a fraction of these Qdose is electrically ac-
of substitutional Sb is electrically inactive. tive, named Qel, and given by:

A complete characterization of these high con-

centrations of Sb in Si, their decomposition in- el R l (1)

to precipitates, informations about the exact q p R0

Sb atoms crystallographic location in the lat- From R( experimental data, the only way to

tice and the degree of their electrical activ- calculate the actual Qel is through the mean
ity has been extensively studied, through a va- mobility j variations, which have a dependence
riety of analytical techniques2,3. over the mean impurity concentration C. These

This work shows through a simplified analyt- parameters can be interconnected through the

ical model of diffusion, using only R0 and xj following definitions:

experimental data, that is it possible to cal-
culate the relationship between the electrical- - e(2)
ly active charge, Qel, and the initial implanted xj
dose, Qdose, of Sb in Si, together with the fol-
lowing parameters: diffusion coefficient Dmean and
mobility ; and carrier concentration 

C.
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n ax - mitn type P, <1l0>, p - 10-20M.an. After typical

1J~l + -- (3) annealing at low temperature, T 5000 C, and 02
I + - ambient, for 60mtn, it was carried out the

dopant diffusion in 02 ambient, T - 12000C, in

where: 4 different times, 4, 9, 16 and 25 hours. Sub-

pmin = 86,5 cm2 V-1 S-1 sequent measurements of R0 and xj of those

pmax = 1354,5 cm2 V-1 s"1 samples were used to calculate the diffusion

= mean impurity concentration coeeficient, mean impurity concentration, mean

mobility and electrically active charge by means
CL = 0,91 of that iterative procedure suggested by the

Wref - 1,3 x 1017 an-3  model described earlier in this paper.

It can be shown that for a long time dtffu-

is givn by:4. RESULTS AND DISCUSSION! ~sion the junction depth, xj, is given by:4.RSTSADISUSO

Figure 1 shows experimentally determined
2 = 4Dt hi Qdose (4) junction dephts, xj , and sheet resistance mean

i "CB ff values RE3, obtained for several samples over a

A linear function is obtained from xj x wide range of heat treatment times, compared

plotting,whose gradient dxj/d/rT allows the dif- with the simulated values produced by SUPREM II,

fusion coefficient D determination from rela- only with the purpose of a more detailed over-

tion (4): view about Sb diffusion on Si behavior:

i nd x j 1 ( ). R 3 Xd[T Qdose 1I/2 (5) Ra  XJ
Sd7 2'-t -Qe12 Re(SI/0) SUPREMZr X +

CB /,rDi 301X

EXPERIMENT * 0

The first step in an iterative calculation

between the relations (1), (2), (3) and (5),con- 20'- 10.
siders that all implanted impurity is electri- +

cally active, so that it is obtained the first

values of D, C, V, and Qel. Subsequent iteration 6.

calculations will allow to get theactual values 10 -

of D, C, V and Qel,when convergence is achieved.

As will be seen in the next item, using only 2.

the xj and Rc experimental data it will be pos- -

sible to obtain results comparable with those 0 1o 20 30 )/2 40

from another authors, whose experimental data _- (ri.)

were obtained from several technological facil-

Ities, like RSS analysis,Nssbauer spectroscopy, FIGURE 1

Hall-effect measurements, and so on
2 3 . Comparison between SUPREM II and experimental

Ra and xj values.

3. EXPERIMENTAL PROCEDURES AsSUPREM Il has not an Antimony cluster mod-

All Sb implantation were performed ina home- el, the predict data are overestimated in the

made equipment, with an energy E - 100 Key and sense that all implanted impurity is considered

dose * 5 x 101acM 2, at room temperature, in as electrically active, and the experimental re-

a 70 off-axis direction, into silicon wafers sults are below those simulated; moreover, the
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saturation on R3 experimental data indicates a tive fraction of Antimony, probably by the
saturation on Qel, due to the formation of ex- formation of precipitates2 or Sb-vacancy
tended defects like new Sb clusters or precipi- complexes2,4 .
tates during the heat treatment2 , not consid-

ered by SUPREM II.
From (dxj/dvr-)EXP of figure 1 and using the

analytical model proposed on this work, it was
calculated the new diffusion coefficient D get/adose

value (D- 1,l6xlO-llcm2 .min-1 ), and consequent-
ly, the C, 5 and Qel parameters. Modyfying .8
SUPREN 11 by introducing the new values of D .6

and Qel as the initial implanted dose, it was

obtained a good fit with experimental RE3 and

xj values, as illustrates figure 2 below: .2

RD Xj - . . . . . . . ' ' " '
0 10 20 30 40

SUPREM n X +
(modified)

EXPERIMENT . 0
FIGURE 3

9 ?m Qel/Qdose as calculed by the model proposed on
this work.

20 0. Although not presented here the mean concen-

8 tration, C, and mean mobility, 11, as calculated
Xby the model6,seems to be in agreement with re-

6. sults from another authors2,3'8 .

Cdi/d - -O25pm . -/2 2. 5. CONCLUSIONS

In this work it was presented a very simple

0 10 20 30 40 analytical model, that allows to get informa-

J I-- ' (mi)/-- tions about the electrically active fraction of

FIGURE 2 Antimony implanted on Silicon, taking into ac-

Comparison between modified SUPREM II and R3 count only R0 and xj experimental data. The
and xj experimental values. results of the model have shown that the diffu-

Finally, on figure 3 it is shown the rela- sion coefficient of Antimony on Silicon is low-

tion Qel/Qdose x V'T, where two points must be er than that used by SUPREM II simulator, and

emphasized: that only a fraction of the initial lplanted

- Qel/Qdose < I indicates that only a frac- dose is electrically active, as previously pub-

tion of implanted dose is electrically ac- lished by many others authors. The modification

tive, probably that one on undisturbed of SUPREM II by introducing these new data al-

substitutional lattice sites. This per- lowed a good fit with experimental RD and xj

centual result shown in figure 3 is in data.

good agreement with others authors1 ,2,3;
- the saturation of Qel/Qdose for long time

diffusion is an expected result, and indi-

cates a reduction of the electrically ac-
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P2.1.8

GLASS REFLOW MODELING FOR PROCESS OPTIMIZATION

A. TISSIER, A. PONCET and 3.F. TEISSIER

CNET-Grenoble - France

1 INTRODUCTION

PSG and BPSG are intensively used in - the angle, 9,
VLSI processes for their flow capability . - the thickness at the middle of
In a micronic multilevel metallisation the step, h,
technology, it is necessary to control the - the curvature radius, R;
flow annealing which tends to smooth the
topology, particularly in two places : the The first parameter being the more
gate overlap and the contact window steps . sensible to the reflow annealing, it is
In the literature, work has been mentionned chosen to quantify the viscous deformation.
which deals essentially with measurements on

*SEN views of the tangential angle of the Experiments made on both gate overlap
layer at the step edge as a funtion of the and test pattern show that for 9 equal to 15
annealing parameters and the glass degrees, the planarisation is acceptable. We

composition [1],[51,17]. A new approach is observe that even in simplest cases, it is
presented here, which combines experimental difficult to directly compare experimental
results with numerical simulations of glass and simulated profiles because of the
reflow, in order to predict the "optimal" dispersion, wafer to wafer or run to run, on
annealing, i.e. an increased planarity and a data related to the slab formation, i.e.
minimization of parasitic thermally activated thickness, CD, angle after etching and local
phenomena (dopant diffusion). Coupling SEM glass composition, therefore, it is necessary
measurements and numerical simulations allows to average data.

to process only one test pattern and,
furthermore, to extrapolate the results to The evolution of 9 according to the
any case. time is measured for different temperatures ,

and for various glasses. Let t denote the

annealing time which leads to 9=15 degrees.
t values are extracted from these

2 PHENOMENOLOGICAL STUDY OF THE VISCOUS FLOW measurements; next, ln(t) is plotted as a

function of 1/T (figure 2).
In order to minimize the induced

technological dispersions, the simplest test From these curves it can be observed
pattern is chosen, i.e. a rectangular glass that :
slab (0.8 pa height end 4 pm width). After - the Itnearity of this function allows
cleaving , the geometrical evolution of cross to fit physical parameters related to glass
sections is studied by SEN measurements as a viscosity by carriing out linear regressions

I fonction of the RTA parameters (T from 950 o (see section 3);
C to 1190 o C , t from 10 to 80 a) ind the - moreover, when these curves are
glass composition (6% w/o P to 8.9% w/o P PSG superimposed with similar curves related to
and 5% w/o 8, 5% w/o P BPSG). As depicted on other thermally activated phenomenon (here
figure 1 the glass reflow leads to the boron d.ffusion) it is possible to Identify
modification of the following three the optimal temperature range for a given
geometrical parameters glass.
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predicted under geometrical considerations
only (4]. Therefore, computer simulations

are necessary, i.e. discretization of Stokes

equations. These equations can be summarized
as follows in the 2-0 case:

(3.1) v Div ( Grad V ) -Grad p

-a-
and,

((3.2) Div V =0 in the material,

where V:(Vx,Vy) is the local
velocity, v is the viscosity

-b - and p the internal pressure;

Fig. I - Gec.~ .ktnca d evl~fl actangiW stab
-- SEMvkreos (S a PPSG. T_190 C.5,I0,20 V44S) (3.3) Vx z Vy z 0 (non-slip condition)

-b - S iWtaaresuiscompardwithSEMviewat ts. on the interface between
glass end substrata,

.ss~

,,4 (3.4) Vx = 0 (slip condition)
4 x/ along symetry axes and

* lateral sections,

3A _ (3.5) p z Y / R along the free our-

face, where Y is a surface

tension coefficient and R is
Mthe curvature radius.

M $A 7 7A , . ;A L4 A major application of glass reflow
,oo/lm simulation concerns contact holes; for that

F.2- Lorthm o O 5 neCes am 0. Was a funn o1u purpose, an axisymetric expression of the

equations has been set under a variational
form; 3-0 effects have been clearly evidenced

in numerical experiments: 9 becomes such

3 NUMERICAL SIMULATION OF GLASS REFLOW smaller when the radius of a contact hole

decreases (figure 3).
3.1 Viscous Flow Model

Under usual processing temperatures,
the viscosity of possivation glasses is 3.2 Viscosity Fitting

sufficiently high to sasume that stationnary

Stokes equations are valid for modeling their The main advantage of the above model
reflow. The driving force is the surface is its linearity according to v/Y; this ratio

tension (81, which tends to smooth the free can be eaily Identified from experiments as
surface by increasing curvature radius in follows:

such a way that the cross section of any
bounded slab of glass tends to be a piece of 1. arbitrary v/Y ratio and time scale

perfect disk (figure 1). However, such final are chosen (lot say v/Yal), then
shapes have no practical Interest and are not computer simulation is performed;

valid for unbounded slabs, moreover,

Intermediate stages can not be accurately
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2. numerical results are compared with boundary integral in the variationnal form of

measurements (figure 1) in order to the equations.

set the tipe scale which corresponds

to a given glass: let tn be the Impurity diffusion and glass reflow

time necessary to reach a given 0 have been coupled in TITAN process simulator

value in the computer simulation, [31, in order to achieve technological

and to the corresponding time parameter optimization which has been

deduced from experiments; therefore, mentionned in Section 1.

the actual value of v/Y is tm/tn.

According to the two linearities

mentionned above, relation (2.1) can be 4 CONCLUSION

re-written, first:
A simple linear viscous flow model

(3.6) ln(t) = A + B/T has been presented in order to predict PSG or

BPSG glass reflow. A method has been

and then presented for identifiing viscosity

parameters for any given glass, in order to

(3.7) ln(v/Y) = A + B/T - ln(tn) optimize glass reflow, anywhere on the wafer.

which confirms the classical expression [2]: However, the application of this

approach depends drastically on the initial

(3.8) v/Y = uO . exp(E/kT) structure (composition, shape of the

slab,...) and on RTA parameters variations;

while giving an straightforward evaluation therefore, a general expression of viscosity

of uO and E parameters: versus temperature and glass composition

cannot be set as long as these data are not

(3.9) uO = exp(A)/tn accurate enough.

(3.10) E k . B where k is the

Boltzmann constant. PSG n

By using measurements depicted on 6% 7% 8.6%
figure I for a4jmlong and 0.8 pm high________
step, this method leads to values for E and E (eV) 5.15 4.56 1.25 1.08
uO which are presented on table 1; however,

the reproducibility of the slab dimensions -13 -11 -2 -2
and of RTA parameters, the accuracy of 102 1

measurements and the temperature range are

too low to quantify the dependence of E and TABLE 1. Viscosity parameters from~~~uO versus glass composition. TBE1 icst aaeesfo
fits between measurements (Fig. 1) and

computer simulation

3.3 Numerical Schemes And Computer 5 REFERENCES

Environment.
(1] N.S. ALVI and D.L. KWONG "Reflow of PSG

Equations (3.1)-(3.5) are discratized by Rapid Thermal Annealing" Symp. on reduced

by using classical 3-node triangular finite temperature processing for VLSI, Proceedings

elements, meshes are automatically generated Vol 86-5, edited by the Electrochemical Soc.

and refreshed, in the same way as in LOCOS (1986).

simulation [7]. Incompressibility condition

(3.2) is taken into account iterativelly, by [21 0. CHIN "Two-Dimensional Oxidation,

using classical Uzawa algorithm. Surface Modeling and Applications" PhD. Stanford,

condition (3.5) is expressed through a June 1983
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Figure 4. Numerical simulation of glass reflow at gate overlap
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P2.1.9

MONTE-CARLO ION IMPLANTATION AND COMPOSITE

A.Barthel, J.Lorenz, H.Ryssel*

Fraunhofer-Arbeitsgruppe fOr Integrierte Schaltungen,
Artilleriestrasse 12, D-8520 Erlangen, Germany

Analytical methods for the description of ion implantation show good
agreement with experiment and Monte-Carlo simulations in most cases.
Problems arise with special geometries such as trenches. To be able to
simulate implantation and diffusion in such cases, a Monte-Carlo interface
has been added to the process simulation program COMPOSITE.

1. INTRODUCTION deposition. For the simulation of ion implanta-

To meet the needs of shrinking device tion, analytical equations are used for the

dimensions, process simulation programs are dopant concentration profiles. This includes

required which use accurate physical models for the well-known Pearson IV-distributions [3]

the simulation of process steps, use efficient along with range parameters from experiments

algorithms to reduce computing time and are for the vertical dopant concentration profile

able as well to deal with a complete process in one layer, a lateral convolution with a

sequence as to transfer the results as input Gaussian profile and a special multilayer model

for device simulation. These three requirements [4], which takes into account the different

are very hard to be fulfilled with one simula- stopping powers of the layers. In figure 1,

tion tool, as accurate process models very results obtained with COMPOSITE for an implan-

often require large computing time, for tation of 60 keV phosphorus at an A1203-mask

instance in case of Boltzmann transport edge are compared to results obtained using the

equation calculations or Monte-Carlo simula- widely used Runge model (5] (broken lines),
tions (1]. which assumes the same stopping power for all

In the following, the approach to ion layers. According to the Runge model, the A1203
implantation used in COMPOSITE [2] is briefly layer would not be thick enough to mask the

mentioned along with its limitations. The silicon. From the COMPOSITE-result it can be

Monte-Carlo interface which has been added to seen that the A1203 thickness is sufficient to

COMPOSITE is described and Its application is stop the ions.

shown.
3. MONTE-CARLO SIMULATIONS

2. COMPOSITE Other methods for the simulation of ion

The universal two-dimensional process implantation such as Monte-Carlo simulations

simulation program COMPOSITE (Complete Modeling [1] require much more computing time in

Erogram Qf Sjlicon Tachnology) is a user- comparison to analytical models and are,

friendly and easily-portable tool for the therefore, not suited for permanent use in a

simulation of ion implantation, diffusion, process simulation tool. But they are very

oxidation, etching, lithography and layer important for the evaluation of analytical

*also: Lehrstuhl fOr Elektronische Bauelemente,
Universitit Erlangen-NOrnberg,
Artilleriestrasse 12, D-8520 Erlangen, Germany
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1019 1020 cm-3  descriptions of implantation profiles and for

0.55 the simulation of implantations into geometries

which cannot be described adequately by

A203 analytical models. One main point of interest

-0 .....- --is the implantation into trenches in silicon.

--Figure 2 shows the result from a Monte-

1020 Carlo simulation with a modification of TRIM,1019 TRIMSURF [6], of an implantation of 150 keV1018 phosphorus into a 2 pm deep and 0.4 prn wide
1018 silicon trench. 200 000 particles were used for
1017 this simulation. In this example, a sidewall-

cm-3  doping by ions which have been scattered out of
one sidewall and have been re-implanted into

_ _ _I the other sidewall can be seen. This sidewall
0 0,3 0,6 pm doping is of great importance and cannot be

accessed by analytical models. Therefore, it is
FIGURE 1 very important to use such Monte-Carlo results

CON9OSITE-simulation of implantation of a 1015 within general simulation tools.
cm dose of phosphorus at an energy of 60 keY
near an A1203 mask edge.
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606 3 23224421165503J 6666444444$3223] 40

21 7 2 22 24444446SSS $SSS442SjS 2 32 2 217620 03324 44405t65it 5$414446332232 266|
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1:' 222312 32'42244)14 444 43 2 2 2I1 42 2 -33 44&444 64023324,2013 2222260 22 2222244444403 3 22 3 2 6 4
I622 2 ' 3 ... 43 44444343,323 2 2S 25

14 22 11.32242446 444 3331 2 24
127 22 2234244444 0432212 22l 3 120

10653 222334)440223325 222 2 12I1as I 1223 1 3344 4453133 321 a 34
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1772 2 2 2 52322234 2222251 22 2 4

2230 a 3 2 343 4 ... 3373 3 2
1l6t 2 323 2 2233t34 2422t 2i2t 464114 1I 33 ~ it1431 II I,
011.I 1 1 i1 4 1,311,3 ll l 11 1.

1642 ~~313 2333354222324

427 , ,1 32 6414 S 2 4 1i2, 6 1 22 3 164
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FIGURE 2

Monte-Carlo simulation of implantation of
phosphorus at an energy of 150 keY into a 2Mm
deep and 0.4 pm wide silicon trench. 200 000
particles were used for this simulation.
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Mask Mask
,,, , 0300 1020. ,\l SiAN 0.300

100020--- 0.2551019l
1016 10 1 7 -'

1017

Em-3 Sikon cm-r3 Sfr

0 0.18 0.36 ;m 0 0.18 0.36gm

FIGURE 3 FIGURE 4

Monte-Carlo simulation of implantation of Comparison of TRI4SURF and C O SIT resultsarsenic at an energy of 100 key into silicon for implantation of a dose of 10 cm-. arsenic
near a mask edge. at an energy of 100 keV into a two-layerstructure near a mask edge.

Drawn line: TRIMSURF, broken line: COMPOSITE

4. USE OF MONTE CARLO SIMULATIONS FOR COMPOSITE calculations. The maximum of the lateral spread
To be able to transfer results from Monte- of the ions implanted does not coincide with

Carlo simulations to COMPOSITE, an interface the maximum of the vertical distribution. This
has been implemented. indicates the depth dependence of the lateral

First, some modifications to TRIMSURF have straggling, studied in earlier publications
been done. These includes the gathering of the (7,8,9]. Equations for this depth dependence
particle distribution data in a COMPOSITE- have been proposed [8], but they presently
compatible shape. Furthermore, smoothing by cannot be used for the simulation of ion
neighborhood averaging is done to reduce implantation in crystalline silicon, because
statistic fluctuations with the data: Con- they need not only vertical moments but also
centrations are recalculated as arithmetic lateral and mixed range moments, in total 8
means of the point in question and its eight parameters. The lateral kurtosis and the two
nearest neighbors. The dopant concentration mixed moments requested have not yet been
arrays are then stored to a file. measured or calculated for crystalline silicon.

Second, COMPOSITE reads these data from the Therefore, the depth dependence is not included
file and scales them according to the implanta- in COMPOSITE. For amorphous silicon, this
tion dose desired. model shows good agreement with Monte-Carlo

In figure 3, an example for a Monte-Carlo simulation [8].
simulation of an ion implantation of 100 keV In contrast to figure 3, the silicon is
arsenic into a silicon layer near a mask edge covered by 45 nm S13N4 in the example shown in
is shown. The Monte-Carlo data have been figure 4. This is done to show the influence of
transferred to COMPOSITE. In the equiconcentra- a thin layer on the lateral spread in the
tion line plot the fluctuations in the third silicon substrate. Since the lateral straggling
and fourth contour line result from the limited in the nitride is smaller than in silicon
number of particles used with the Monte Carlo because of the higher density of nitride, the
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neglected, it is worthwhile to transfer Monte-

Carlo data to COMPOSITE to perform the simula-
tion of further process steps.

Mask In figure 5, the COMPOSITE result of a 30

0.300 min diffusion at 1000"C of the doping profile
0.255 from figure 4 is shown. The statistic fluctu-

c-3ations present in figure 4 have been removed by

the diffusion.

101
1018 5. CONCLUSION

1017 • Silicon Though the analytical equations for ion
0616 1 implantation used in COMPOSITE are able to

0 0.18 0.36 pm describe dopant profiles adequately in most
cases, the simulation of important effects such

FIGURE 5 as trench implantation and depth dependence of

30 min diffusion at 1000 C of the Monte-Carlo the lateral spread presently needs time-

result shown in figure 4. consuming Monte-Carlo calculations. The Monte-

Carlo interface implemented in COMPOSITE allows
lateral spread of the implantation profile in now for introducing Monte-Carlo data into a

the silicon is reduced in comparison to figure process sequence.

3. Therefore, a multilayer model for the depth
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The broken lines in figure 4 show the [1] Biersack, J.P. and Haggmark, L.G.,
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P2.1.10

EQUILIBRIUM SOLUBILITY OF ARSENIC AND ANTIMONY IN SILICON

R.ANGELUCCI, A.ARMIGLIATO, E.LANDI, D.NOBILI, S.SOLMI

CNR - Istituto LAMEL, Via Castagnoli 1, 40126 Bologna, Italy

Equilibrium solid solubility of arsenic and antimony in silicon is derived
by Hall and resistivity measurements after suitable annealing. For both el-
ements, the solubility shows a linear trend versus reciprocal temperature.

1. INTRODUCTION film thickness ( 0.45 /um) was accurately

The knowledge of solid solubility of determined by a Taylor Hobson Talystep.

dopants in silicon is essential for a correct For Sb doped films the implantation energy

process simulation and is important for basic and dose were 150 keV and 2.1xO16 at/cm2

understanding In the case of Group V dopants respectively, while As was implanted at the

largely scattered values are reported in energy of 100 keV, and dose 4.Ox1O16 at/cm 2 .

literature for arsenic and antimony. Moreo- Each composition was then separately heated 3

ver, the knowledge is even poorer in the hours at 1100°C to recover the damage and

range 70oo9go0C, which is of high interest in redistribute the dopant. Specimens were

the future VLSI-ULSI processing, successively annealed for 1000 h at 600°C,

A research aL__vity on the solubility and then at temperatures incresing in steps of

precipitation of silicon dopants is perforned 25*C up to 900*C and subsequently in steps of

since several years at LAMEL Institute. 50*C up to 1300C. To avoid out diffusion

Particular emphasis was given to the study of processes the first high temperature heat

electrically inactive phosphorus and arsenic; treatment was performed in a slightly oxidi-

an assessment of this problem was attempted zing atmosphere (90% nitrogen + 10% oxygen).

by Nobili a few years ago /I/. The carrier 4 nsity and mobility were det-

This paper reports the results of accurate ermined by Hall effect and sheet resistivity

equilibrium carrier density determinations as measurements, using the Van der Pauw geometry

a function of temperature, performed on poly- defined with a photolitographic process. The

silicon films heavily doped with antimony and same techniques, alternated with stripping of

arsenic by ion implantation. The carrier silicon by anodic oxidation and etching, were

density was determined after annealing at it,- used for carrier profile measurements. The

creasing temperatures, a time consuming average grain size of the polysilicon films,

procedure which, on the other side, is mst after the high temperature annealing (1100*C,

suitable to accomplish with the equilibrium 3h) was checked by transmission electron

conditions, microscopy observations. The obtained values

were 0.9 /um and 0.2 /uim for As and Sb, res-

2. EXPERIMENTAL pectively.

Poly-silicon films were deposited in a

chemical vapour reactor at 660*C, onto pre- 3. RESULTS AND DISCUSSION

viously oxidized single crystal wafers. The The carrier density plot vs reciprocal tempe-
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I,
rature for Sb doped specimens, which is TIC]

reported in Fig.1, shows an initial decrease 100 1100 900 700

which can be attributed, as it is discussed 5 -I I Sb

below, to the formation of the conjugateI4
~liquid phase. A minimum Is attained at 800C h1100"C.

followed by dissolution which takes place E 3

with increseing temperature. EquilibrIum

values of the zarrier density n are obtained 2

in the dissolution stage, above 8500C. after

a transient which is due to the size effect. N
The equilibrium values of n in the tempera- a10

t ture range 850-1150*C follow very tightly the "

i law:

n - 3.8x1 exp(-0.56 eV/kT) cm-3  7 8 9 10 11 12
; • 1I/7 -10 K

Above 115O0% the experimental n values show FIGURE I

a deviation from this trend. This was expec- Carrier concentration vs reciprocal temperatu-

ted as in the Si-Sb equilibrium diagram the res for Sb doped samples.

conjugate liquid phase undergoes a drastic

reduction of the content of antimony /2/. Arsenic are in very good agreement with the

The results obtained on As doped specimens ones obtained by carrier profiles measurements
after equilibration annealing of single

are shown in Fig.2, which reports the carrier

concentration as a function of reciprocal crystal specimens implanted with different

temperature. In this case, due to the higher doses of the dopant /5/. These experiments

diffusivity of arsenic with respect to anti- T[c]
mony, the minimum was attained at a lower 1100 900 700
temperature, about 650C, and equilibrium

values of the active dopant were obtained for 4 As
T > 700*C. In the temperature range 700-900C E 3

the corresponding equilibrium carrier density

n is given by:

22 -3 w
ne - 2.2x10 exp(-0.4' eV/kT) cm -3

LU

These figures coincide with the ones reported r120

Sby Hoyt et al. /3/, obtained by a fitting of

literature data. A deviation from the above

trend is observed in Fig.2 at higher tempera-

tures, a result which is unexpected conside- 5 I I I

ring that the eutectic temperature is 7 8 9 10 11
1097°C /4/. We point out that the value at 1/T.104rK]
1100C In Fig.2 coincides with the one after FIGURE 2

the Initial 3 hours annealing at this te- Carrier concentration vs reciprocal temperatu-

perature. The above equilibrium values of re for As doped qamples.
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shoved that the carrier density after thermal

equilibration depends only on temperature and

is insensitive to excess dopant. We concluded

from this results, which are supported by the

occurrence of reversion and by TER and SAXS

examinations, that the equilibrium carrier

density corresponds to the solubility. The

same conclusion was reached also in the

!i case of antimony by additional experiments

performed on the sae line, i.e. accurate

carrier profile measurements after equilibra-

tion at 1100*C of single crystal specimens FIGUR 4

implanted at 160 keV with three different

doses of the dopant. The results are shown in Dark-field TIM . crogiaph, shoving Sb precipi-
tates in a 2x10 cm implanted sample, an-

Fig.3 for an annealing time of 4 h. nealed at 1I00L C for 4h.

102 sed b) increasing the supersaturation. In

1 lX1016 O 2  Fig.4 is reported a dark-field image of these
E £2x1016 -2  particles, taken in a sample implanted with
0 16  2

~21 !511 -2 21101 Sb/cm2 . They have the structure of the
hexagonal antimony, as deduced from electron

.AS UAPLANTED diffraction patterns.

- High temperature data, above II00°C, for As

S100 1are not reported in Fig.2 because we verified

O that they were affected by the cooling rate.
Z oThis phenomenon, which is attributed to addi-

-"tional -precipitation taking place in the

Cr 1 9  I '' . cooling stage, is more effective in polycri-

Cr stalline specimens. In fact dislocations andI grain boundaries enhance the diffusion and

10 i j I I nucleation kinetics of the dopant, a feature

0 02 4 06 which, on the other side, makes polycristalli-
X him ] ne films more suitable to obtain equilibrium

FIGURE 3 values in the low temperature range.
We point out that this phenomenon was not

Carrier concentration profiles of Sb doped
specimens Implanted at different doses and appreciably observed in antimony doped speci-

annealed at 1100*C for 4 h. The as-implanted mens, very probably due to the lower diffu-distribution for the lowest dose is also
.. reported. sivity of this dopant.

The accuracy of our solid solubility data

TDI observations performed on these for Sb, which correspond to the equilibrium

samples evidenced the presence of a high carrier density values in Fig.1, made possible

density of Sb particles, having a size which to analyze in more detail the phase equilibria

decreases with increasing the implanted dose. for the Sb-Si system.

According to the classical nucleat ,n theory Experimental determinations of the liquidua

/7/, the density of the precipitates incres- curve in the phase diagram were performed by
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T Ii T .1 lution into silicon: rom the exponential

MO 00 W W 000 900 dependence in Fig.5 a value of 13.4 Kcal/ mol

-11 i |-0 was determined for the relative partial molar

W1 ontalphy HSb Nab; and respectively -4.7 e.u.Xo

for the relative partial molar excess

entropy (Ssb-Sb)XS .
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DIFFUSION AND SOLUBILITY OF COLD IMPLANTED IN SILICON

S.Coffa,L.Calcagno and S.U.Campisano

Dipartimento di Fisica,Corso Italia ,57 -Catania

G.Calleri and G.Ferla

SGS Microelettronica-Stradale Primosole - Catania

Diffusion and solubility of gold implanted in <100> p-type silicon have
been investigated by Rutherford Backscattering Spectrometry and spreading
resistance techniques. The gold concentration profiles are U-shaped and the
concentration at the middle of the wafer thickness (CS) is proportional to
the square root of the diffusion time in agreement with the kick-out
mechanism. The diffusion coefficient Di(see text) is well described by
D *f7.0*10 -3 exp(-1.61/kT) cm2/sec in the temperature range 1173-1373 K. The
entropy factor associated to the ionization of the gold donor level has
been determined to be 28+2.

1. INTRODUCTION 2.EXPERIMENTAL

The diffusion of gold in silicon P-type <100>oriented silicon, 20 Ohm-
has been widely investigated [1,21 cm resistivity is used. The wafer
because of its technological thickness is 620 pm and double

applications such as controll of the polished wafer are used to avoid
minority carrier lifetime. The gettering of gold by the rough
electrical parameters of Au doped surface. Gold implantation is
silicon are of great interest in performed by means of 120 KeV Au ions

silicon power devices [3]. Gold is and the doses are in the range 1012-
normally diffused in silicon starting 5*1015 atoms/cm 2 . The thermal
from a thin (-300 A) layer deposited processes are carried out under
on the surface and the concentration nitrogen flux in the temperature
profile is determined by the thermal range of 1173-1373 K.
process. The introduction of gold by
ion implantation will result in a Rutherford backscattering spectrometry
better control of the gold amount in (RBS) of 2.0 MeV He beam is used to
the wafer,especially close to the measure the amount of gold in the near
surfaces i.e. in the electrically surface region (1000 A) of the
active region of most devices, implanted wafer,the difference between

the measurements before and after the
t!.rmal process resulting in the total
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amount of gold diffused into the final results and can be neglected.

wafer. The RBS technique cannot give

Informations about profiles at large
depths that can be instead obtained
by spreading-resistance [41 technique

based on the compensating effect of T.1243 K

the two gold levels on the silicon £

conductivity[5]. 0 2 oh
104

For spreading resistance m-asurements

the samples are mounted on a bevel_ *

block with a bevel angle of 5*44' 4 __U
which gives a depth resolution of 5
pm. Two tips are then leaned on the __,_,_,___,_,

surface with a controlled pressure and 0 too0 00 300 400 mo 00

the application of a small voltage h m I

makes possible to measure the
spreading resistance value.

Fig.1-Resistivity profiles at 1243 K

for different diffusion times.

3.RESULTS AND DISCUSSION

The solution of (1) and the mobility
Spreading resistance measurements (Rs) values given in ref. 7 lead to the

are shown in Fig.1 for 1243 K diffused relation between the resistivity and
samples. The resistivity (p) values the gold concentration ,which is shown
are obtained by appropriate in Fig.2 for different XD values. As
calibration performed by using it appears the XD value strongly

homogeneously doped samples and the affects the conversion resistivity -
experimental data are fitted by gold concentration. Because of the
R8=870 po.9 8 To convert resistivity

into gold concentration it is

necessary to solve the charge
neutrality equation in the form -... ,o

-- 20

30 -~

p +NAu n + NA + NB (1) ' A

E 7/A
where p and n are the holes and ,,

electrons concentration 
, NAu and NA 

"L-/,

* are the concentrations of the
positively and negatively charged gold

atoms and NB is the concentration of
10

boron in the substrate. The values of 1013

Nn and NA- depend on the entropy Gold Coonerono1o OM./Cm
3

1

factors of both donor and acceptor (XD

,XA ) gold related levels 16). For the
adopted wafer doping and gold Fig.2-Silicon resistivity versus gold
concentration the gold acceptor level concentration for different XD
has a negligible influence on the values.
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large spread of the XD value existing where i is a silicon interstitial. The

in literature [8,9,10,11] such two mechanisms lead to a different

conversion is affected by large trend of the gold concentration at the

uncertaties. Using the calculations center of the wafer thickness (Cm)

reported in Fig.2 the resistivity versus diffusion time t). The kick-

profiles have been converted into out one predicts that Cm increases

concentration profiles and the total according to

amount of gold into the wafer (area

under profile) has been determined as Cm-C x2/d(fD t)1 /2

a function of XD as shown in fig 3.

The value of the area for each thermal where d is the sample thickness Ceq

process ie determined by RBS the solubility limit and DI is an

measurement. It is thus possible to effective diffusion coefficient given

determine the XD value which is found by

to be 28±2 . Gold diffuses in silicon
by migration of the fast interstitial DI-D1 I c

atoms that can jump to substitutional

positions. Two different mechanisms Ceq and D I being the equilibrium

have been proposed for the interchange concentration and the diffusion

between interstitial and coefficient of silicon interstitial

substitutional position. In the Frank- respectively. In Fig.4 we report Cm

Turnbull mechanism (121 the reaction as a function of t 1 / 2  the

is given by agreement with the kick-out mechanism

is rather good and we can estimate the

Aui + V ik Aus  effective diffusion coefficient for

the investigated temperatures. An

where V is a vacancy. In the kick-out Arrhenius plot of D I is reported in

mechanism [131 Fig.5 and the data are fitted by the

relation
Aui:-" Au s + I

C .. -,0. T 1243 K

----. 20 hra

. ."ao
9-1.

0 ~~Time Ie)i
0 g

gntr[¥ Factor

Fig.4-Gold concentration at the center

of the wafer thickness (Cm) as a
Fig.3-Total Au concentration (at./cm 2) function of diffusion time for
at 1243 K as a function of XD. different temperatures.
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OPEN STENCIL MASKS FOR ION PROJECTION LITHOGRAPHY

L.-N. BUCHMANN, L. CSEPREGI, and K.P. MOLLER

Fraunhofer-Institut fUr Mtkrostrukturtechnik
Dillenburger Str. 53, D 1000 Berlin 33, West Germany

A processing scheme for the manufacturing of an open stencil mask has been set up by
application of silicon technology and only one single X-ray lithography step for
pattern generation. The mask fabrication is fully adapted to the demands of an ion
projection lithography equipment by INS. It has been proved that this mask technolo-
gy permits solid structures of a complex geometry with high pattern fidelity.

1. INTRODUCTION 2. PROCESSING SEQUENCE

Ion projection lithography promises to be a 2.1 Preparation of the Membrane

successful method yielding structures in the The production of the thin membrane (Fig

0.1 pm range /1/. To achieve the optimum gain 2) followed the same process schedule as ap

from this system open stencil masks should be plied for the absorber masks in X-ray lithogra

used which are designed to fulfill the special phy /2/. A r Joted 4" silicon wafer served a
requirements, i.e. adapted to the ion beam di- the substrate on which a silicon layer of 2 t.

vergence, the tension by thermal stress and 3 pm, containing boron and germanium, was depo

the sputter yield by particle bombardment. A sited epitaxially +. Subsequently, a silico

silicon membrane with a nitride top layer nitride layer of 0.12 pm was precipitated by

(Fig. 1) revealed to be most suitable for this LPCVD process which is essential for patter

purpose. definition later on. Because the tensil

Considering the demands of an INS ion pro- strength between nitride and silicon layer i

jection lithography machine the fabrication of very pronounced additional "impurity" aton

an open stencil mask will be given. Pattern were implanted , which lowered the stress cot

generation was performed by X-ray exposition, siderably by rearranging the lattice of t1

whereas the general processing is well esta- nitride. When omitting this step, the membra

blished in CMOS technology, cracked In the concluding etching of silic
yielding debris of coiled up fragments.

S i N, The thin membrane was prepared by a tw
step process. Starting with an isotropical

Si eroding mixture of different acids (HF, HNC

CH3COOH) a smooth transfer from 'e origir

backzide of the wafer to the brim of the f

was formed followed by applying an ethylene
-im aminepyrocatechol (type S) etching agent re

ving silicon till the highly boron doped l

was excavated. With different covering ma

FIGURE I windows corresponding to the geometry of

Schematic cross-section through an open sten- intended ion transmission area could be set.
cil mask for Ion projection lithography genera-
ted from a 4" silicon wafer (0.5 mm thick).
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_____________________ SI wafer P doped

------- *.PtLPCVD

mibrn preparaio

FIGURE 3
r X-ray Pattern fidelity of HPR on the backside of the

membrane after exposition to synchrotron radia-
t * , ** * ttion and development (SEM).

_ i Mfter resist deelopmnt

REof SIN (CCNI op

2.3 Pattern Transfer - Opening of the Mask

jt of Si (SF.*cH,) Pattern transfer into the nitride layer of
the topside of the membrane, i.e. the face the

ion beam impinges on, was performed by an RIE

rhsist stripping process in a batch reactor (AME 8111). Employ-
#In scetoe

ing a CHF3/02 discharge the nitride was patter-

Vapordapos "., .t oned yielding bias-free side walls without poly-
a conductive layer mer depositions. Thus, the exact pattern defi-

nition could be obtained (Fig. 4).

For the purpose of mask opening a second

FIGURE 2 RIE process using the fluorine containing com-
Process scheme for open stencil masks ponents SF6 and CHF3 was determined. Etching

with chlorine (BCl3/Cl2 or CC1 4), although ge-
nerally in practice, would have required a

2.2 Pattern Generation by X-Ray load lock on the apparatus and, therefore, a

Lithography sophisticated system to handle the fragile

The pattern was generated by exposing an foils.

HPR resist with synchrotron radiation through This process has been optimized to form the

an absorber mask. For details concerning manu- tilted sidewall corresponding to the divergen-

facturing of the mask and the conditions of ce of the ion beam. The intended angle of 84"

exposure see /3/. Due to the transparency of could only be obtained by sufficient sidewall

the membrane the pattern could be-transferred passivation by species from the resist and the

with coincidence into resist layers spunned on plasma. CHF3 undergoes ion-molecule reactions

both sides of the foil by only one exposure in the plasma by which species of a high mass

step. The pattern fidelity of the backside number (precursor to polymer formation) were

test structures were routinely checked in a originated. Therefore, the CHF3  flow was

light-optical microscope. Fig. 3 shows a corre- varied in order to deposite a protecting

sponding SEN micrograph. layer, whereas the SF6, the main source for
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FIGURE 4 FIGURE 5

Pattern transfer into the nitride layer by an Sidewall protection of silicon by polymer
RIE process (CHF3/02). HPR was stripped in ace- from the resist and the CHF 3/SF6 plasma
tone.

the highly reactive F atoms, was responsible

for the amount of the etching rate. The best

approach was obtained balancing these two ef-

fects with a ratio CHF3 :SF 6 of 1 (Fig. 5).

Further consideration had to be put on the

thermal stress of the membrane and. especial-

ly, the resist by the etching process. Because

the thermal conductivity of the delicate net-

work Is low, the transition from the wafer to

the support was Improved by a metal plate, to

guarantee a better drain for the heat.

Due to the high selectivity of the silicon

etch process with regard to the nitride an

overetch could be applied to open the intended

fields all over the active mask area without

affecting the shape of the nitride sidewalls.

Fig. 6 depicted a tapered structure obtained

by etching silicon with the submitted process.

Finally, the resist was rinsed in acetone FIGURE 6

and a gold coating was deposited on the mask Tapered sidewalls of silicon test structul

to prevent charging. Fig. 7 shows a 4" wafer proposed to serve as a mask for Ion project
lithography. The resist has already been d'

with a 35 mm diameter membrane, which has an solved in acetone.

open area of 35%.
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tern definition has been performed in a ni-

tride layer, whereas a special profile in the

supportIng silicon was arranged by an etching

process with compounds containing fluorine.

For compensating the stress between these two

I layers an additional doping process of the si-

licon has been developed.
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NOTES

Boron in a concentration of 1020 cm-  can
terminate the chemical etching of silicon withFIGURE 7 an EDPS solution and thus forming the membra-

Total view on a 4" mask with an active area of ne. Germaniun has been admixed for the purpose
35 of internal stress compensation.35 mm in diameter. The high transparency demon-

strates the extreme thinness of the membrane.

3. CONCLUSIONS RFRNE

Open stencil masks carrying test structures

in the pm-range and below could be obtained by /I/ Loschner, H., Ion Beam Lithography, ThisConference

applying X-ray lithography for a self-aligned

pattern generation on a membrane coated with /2/ Hersener, J., Herzog, H.-J., Csepregi, L.,
Microcircuit Engineering 84, Academic

resist on both sides and a pattern transfer Press 1985, p. 309

splitted into two RIE processes. The exact pat- /3/ Heuberger, A., Microcircuit Engineering

86, North-Holland 1986. p. 3
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P2.1.13

A NEW ISOLATION PROCESS FOR VLSI DEVKMS

E. Figueras*, J.L. Coppoe and F. Van de Wide

Universit6 Catholique de Louvain, Laboratoire de Microelectrorique
Place du Levant, 3
1348, Louvain-la-Neuve, Belgium

In this paper we present a new zero-bird's beak process which, with an additional
photolithographic step, substitutes the thermal fully-recessed field oxide for a CVD oxide.
With this process we have fabricated devices which present a very small narrow
channel effect. Moreover, the use of a reference mask increases the process
reproductivity and reduces the probability of the double-threshold voltage effect. The
cross-section and electrical results are presented.

L.INTRODUCTION oxidation is carried out to improve the quality o

To overcome the difficulties of LOCOS process in the SiO2 /Si interface. After the channel-stol

VLSI, several new isolation technologies [1-4], implantation, a Sin 2 layer, with an equal thicknes

which employ a deposited oxide as a fully recessed (or little more) to that of the Si groove depth, i:

field oxide, have been proposed. From these deposited by CVD(1) (Figure L.a). A polysilicon layc

technologies, the BOX process [2], which uses an is deposited and etched by plasma with the help o

additionnal mask step and a double resist an additional resist mask which protects thi

patterning technique prior to a planarization polysilicon in the field areas (Figure L.b). Th
etch-back, is the most interesting. Nevertheless, its grooves between the polysilicon I and the oxid,
major drawback is that the thickness of the resist walls are refilled with a second polysilicon laye

may be different for various layout designs. As a (Figure 1.c). Figure l.d shows the stucture afte

result of that, the field oxide thickness may vary in polysilicon 2 etch-back and Sin 2 etching. Durinj

different areas [5]. the last step, the nitride, the polysilicon and tb

In this paper, we present a new BOX pad-oxide layers are removed to obtain th

process,which allows us to obtain a uniform field desirable structure.

oxide independently of the layout design by using Figure 2 illustrates the utility of the nitrid

an additional photolithographic step and two mask. This layer is used as a reference mask. Afti

polysilicon layers, it has betn removed we are sure that all the actiN

areas in the wafer are recovered with the san

2.FROCESS oxide thickness, independently of tk

The starting material is <100> orientated, 140.cm misuniformity during poi~silicon and oxit

p-wafers. First, a pad-oxide is grown and a nitride etching steps. The better the uniformity is, t!

layer is deposited. After a photolithographic step to thinner the silicon nitride layer can be. T

delineate the active regions both layers are etched. choice of the reference mask material is limited

The reasons to use the nitride layer will be three drawbacks: it may not be oxide, it must res

discussed later. Then grooves are etched in the KOH solution, it must be stable at high temperatu

silicon substrate with a KOH solution up to a depth Therefore we have chosen silicon nitride.

of 0.5 ;Lm, using the nitride film as mask. A thermal M-reover the reference mask must assure

*E. Figueras is financially supported by the National Microelectonic Center (Education

and Research Ministry, Spain)
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a)A P.M.

R ~rrOE MV D0:)1W Ereference 
mask

PAD-OXID~

b)

FIGURE 2

The reference mask serves to correct the
c) misuniformity produced during polysilicon mask

(AP.M.) and oxide (AOx.) etching steps.

, ILI can be seen that there's no bird's beak formation

and that the field oxide thickness is uniform

(except at the edge).

To present the electrical results of BOX technology,

we will compare them with the results of SILO

technology, wich furnish better characteristics

d) than LOCOS(61. Both technologies were carried out

POLYSI.OON with the same test circuit and with natural

transistors wich present a more important

: ,,narrow-channel effect than enhanced ones due to

I S AR the lower doping level of the channel.

e)

/VDO[

FIGURE 1

Fabrication process steps.

small positive transition step between the active

and the field areas which will reduce the double

threshold effect[5].

FIGURE 3
3.RULTS

e FField oxide area. The top of the structures is covered
TFwith 0.3 Rim polysilicon to evidence the oxide

the structures obtained following our process. It profile.
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the isolation oxide and the poly-Si resistor was comparison with the coventional ISAC (8)

fabricated simultaneously. After the base transistor shown in Fig.1(B) that the SOOT

formation, the emitter region was produced by transistor has realized the optimum transistor

the diffusion from the implanted N+ poly-Si. design with reduction of these characteristics.

The oxide on the base contact and P+ poly-Si was The rB reduction in SCOT transistor was

etched away by using the photo-resist mask of done by decreasing the distance D between the

emitter poly-Si etching as shown in Fig.2(C). base contact and emitter and by the double base

The thick oxide was selectively grown over the structure. The distance D , in the case of SCOT

heavily arsenic doped emitter poly-Si. Therfore, transistor, is determined by the salicide base

the oxide covering the emitter poly-Si remained contact structure and is close to I pm, a half

after removing the thin oxide on the base value of that in ISAC one. The base area in SaOT

contact and P+ poly-Si, and separated the base transistor is decreased to about one-half of

contact from the N+ poly-Si. The Pt-silicide was that in ISAC one. In order to decrease the base

formed both on the epi-surface and P+ poly-Si of area, the emitter length can be decreased as the

base contact, as shown in Fig.2(D). The base goal to maintain a small r B. The reduction of

electrode was fabricated with both the silicide parasitic base region, furthermore, was achieved

of self-align opened base contact and the by the full walled base structure with the semi-

polycide, and then this can be called a salicide recessed oxide and by the salicide base contact

base contact. Opening the contact windows and structure. The vertical down-scaling, in which

Al-metallization completed the processing of the emitter depth is 0.1 pm and the base width

SW!' transistor, as shown in Fig.2(E). is 0.13 pm, produces the higher fT" Table I

As a result of the gate speed analysis of the shows that a SCOT transistor has been

transistor characteristics (4), the important synthesized in the transistor design for high

parameters for high speed performance are not performance.

only the cuttoff frequency fT' the collector- 3. GATE SPEED AND PRESCALER IC

base capacitance CTC but also the base series The performance of S0OT transistor used for a

resistance rg . It was learned by the following prescaler IC was improved as compared with the

current product with ISAC process, that is,the

CTC and rB decreased to half value and fT became

(A) s twice as high, as shown in Table 1. The maximum

(D) fT obtained, moreover, is 9.5 GHz at I c = 6 mA

by the SCOT transistor in which the emitter is

TABLE 1

Comparison of features of newly developed
prescaler and current prescaler.

Sle
(C) ft" New development C~unt product

Proces technology SCOT ISAC
• Emitter size .5X 3,urn 1.5 x 5,urn

Emitter depth O.IPm 0.4pm

!Capacitance CTC 9 fF 20 fF

foes resistance t 49 nt 92 A

Cutoff fr34uency fT 4.1 GHz 2.2 GHz
FI GUR 2 Delay tim of Itlng-o" . 140 ps 267 ps

Max. operatifto frequey 2.1 QHZ 1.1 GHz
Fabication Wosdr of SC3 T traistr. Power 4iveipatlOn 56 mW 125 m.
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four-fingers of 1.5 x 5

It is demonstrated in Fig.3 that the gate 2.0-

speed tpd of the EDM ring-oscillator employing GAs

SCOT transistor on same emitter size (1.5 x 5 0
pm2 ) was faster than that of ISAC one, 1P0

especially at the high current range by effect

of reducing rB. The mimimum tpd achieved 116 ps SCOT
at gate current Ig = 1.3 mA. Simulating tpd in 0

: 0 ISAC

scaling down of the SCOT transistor to 1.0n E 1.0

emitter, furthermore, the high speed can been

realized at less than 80 ps. 0.8

A 1/128,1/129 two-modulus prescaler IC was "0 ioo i0 0
fabricated with 1.5 um SCOT transistors and Pd (mW)

poly-Si resistors. First level metallization of

AlSi and polyside cross-under interconnection FIGURE 4

were employed. This prescaler IC operated in a Comparison of maximum operating frequency and

wide range from 400 MHz to 2.1 GHz with 56 mW at power dissipation.

5-V supply voltage. In Fig.4, the performance

of SCOT prescaler IC was compared with other 4. VSC MASTERSLICE

products. The SCOT prescaler IC had four times The actual pattern layout of two-input CR/NCR

higher performance than the ISAC prescaler. This gate is shown in Fig.5. In the case of the

prescaler IC operated with the half power current cell approach, a relatively large

dissipation of the reported Si prescaler (1) and number of the nonutilized elememts remain, for

with the same one of the GaAs prescaler (2). example the macrocell array MCA in the simple

Decreasing the power dissipation, we obtained logic functions. The VSC concept is based on the

1.4 GHZ with 30 mW and 850 MHz with only 19 mW. design of an array which is constructed from
cellular units. This VSC construction was found

500- to reduce the nonutilized elements.

- 1.5Im EMITTER

V SIMULATION4J 100 I. MTE
0.5 1.0 2.0

Eg (mA) "W

FIGURE 3 FIGURE 5

Relations between gate speed and gate current. Layout pattern of two-input CR/NOR gate.
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Fig.6 shows a schematic diagram of SCOT TABLE 2

transistor and polycide interconvction usmed for ~ ~ uaesjs

VSC masteralice. lb realize a VSC structure, the __________________

proper use of poly-Si patterns was required Tehooy1.5 jan rule SCOT
during the slice process. h resistor value in Ne. of transistors $9,936
each logic cell was determined by the NO. Of POlY-Si resistor* 53,248

silicidation of poly-Si pattern. in addition, No24 of unt 204,312

unused poly-Si patterns can be utilized for the Metal pitch lot a Jim
policide interconnection. 2nd S Jm

An RM~ 18K-gate masterslice (7) was developed 3rd 0 urn

by VSC approach and fabricated by employing 1.5 No. of/ phanes 2506

pm SCDT process with four-level metallization. Interface ECL lOOK compatible
The features of the VSC masterslice are Intrinsic gate delay 180 ps

summarized in Table 2. The gate density was Supply voltage Vas -4.5 V
VT :-2.0 V

increased by more than 20 % in the VSC strcture Switching current 0.4 mA
compared with the current cell structures. The Emitter-follower current 0.3 mA/O.6 mA
basic gate delay of 150 pa was attained at the Chip size 11.90 mm X 11.96 nmm

power dissipaticn of 2.4 mW.
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A2.2.S

TRENDS IN UITr OJWICTION SILICON BIPOLAR TRANSISTORS

R. MERTENS, J. NIJS, J. SYMONS, K. BARY and N. GBHANWA

Interuniversity Microelectronics Center (IMEC)
Kapeldreef 75
B-3030 Leuven, Belgium

Different types of bipolar transistor emitters are described. Spitaxial emitters can be
achieved by solid phase epitaxial regrowth of polysilicon (at T > 850'C) and recently by
glow discharge deposition at T . 2500C and recrystallization (at T - 7001C). Vide band
gap emitters and narrow bandgap bases result in very high emitter efficiency which has to
be traded-off with emitter and base series resistances.

1. INTRODUCTION Finally, the paper will end with a discussion

VLSI bipolar transistors typically have about the possibilities of narrow base

p lysilicon emitters to achieve high emitter transistors.

efficiency and large packing density. In

recent years 11,2) it has become clear that 2. SILICON BIPOLAR TRANSISTORS WITH EPITAXIAL

for optimum performance of polysilicon EMITTERS

emitters in VLSI applications a trade-off must As pointed out in the introduction

be made between emitter efficiency and emitter polysilicon emitters are suffering from a
series resistance. Work at several trade-off that has to be made between emitter

laboratories has indeed clearly shown that the efficiency and emitter series resistance.

emitter Gummel number (GM1 ) is not the Recent work [1] has indicated that high

appropriate figure of merit of a modern emitter efficiency only can be realized at the

emitter-base junction used in high speed VLSI expense of a large series resistance. Such a

applications. The true figure of merit specific series resistance RE (ohm.cm2 ) is

depends on GNE and also on the emitter series detrimental for high speed performance if (31:

resistance.

In this paper different emitter-base kT

structures aiming at high emitter efficiency RE > (1)

and low emitter series resistance will be j

discussed. In a first part of the paper our

work on epitaxial emitters will be described. 'n I') J is the emitter current density which

Although epitaxial emitters are not iL ivanced bipolar transistors can be as

heterojunctions in the strict sense of the large as 10 A/cm2 . Formula (1) predicts that

word, they are included here because epitaxy RE  should be lover than 2.6 x 10- A/cm2 to

is a technology closely related to eliminate degradation of the transconductance.

heterojunction processing and since in the This is a very low value which is difficult to

short term these emitter may turn out to be achieve with polysilicon emitters. The

the best alternative for poly-emitters. emitter series resistance of a polysilicon

The second part of the paper will deal with emitter is caused by two components : an

true heterotype emitters starting with an interface resistance caused by the presence of

overview of the different vide-gap emitters a thin interfacial oxide layer between the

that have been proposed in the literature. poly and mono-silicon and a true contact
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resistance at the aetal-poly interface. Both an oxidizing ambient if the anneal is to be

components are considerably higher than in the performed at lover temperatures (- 8500C) 141.

case of mono-crystalline silicon emitters. Proper adjustment of the annealing time,

The first one does not exist in a temperature and ambient can lead to an

monocrystalline emitter and the second one epitaxial regrowth of the entire polysilicon

strongly depends on the surface free carrier film. Undoped, n-type and p-type polysilicon

concentration. This latter is considerably films have shown similar behavior [4-61 which

smaller in the case of a poly-emitter due to makes low resistivity epitaxial burried p+

carrier trapping and impurity atom segregation base contacts for self aligned "poly --> epi"

at the grain boundaries, bipolar transistors possible.

Besides series resistance problems, the It is not possible, however, to obtain

thickness of the interfacial oxide layer is emitter box-shaped profiles using this method

not easily controlable which causes serious because of impurity redistribution in the

yield and reproducibility problems in aligned region as well as impurity

poly-emitter structures. The elimination of out-diffusion into the substrate during

this thin layer is therefore two fold annealing.

advantageous at the expense of reduced current

gain.

The reduction of emitter series resistance, ,+!: iumn

coupled with an expected increase in

reproducibility is the prime reason for the

interest in epitaxial emitter structures. In

addition, due to the fact that epitaxial

emitters are deposited doped with the

appropriate impurity and not doped by

compensation, a better emitter efficiency is

expected.

2.1. Epitaxial Regrowth of Polysilicon

It has been demonstrated that it is

possible to align polysilicon epitaxially to

the underlying single crystalline substrate by

high temperature furnace annealing or rapid FIGURE I

thermal annealing (4-71. In order to start Cross sectional TEN photograph showing epi-

the alignment process, a direct contact taxial alignment of polysilicon to the under-
lying substrate after anneal in Argon for 30'

between the polysilicon layer and the single "at 1000"C (1cm - 80 nrm).

crystalline substrate must, however, take

place. In other words the native interfacial 2.2. Low Temperature Epitaxial Growth by

oxide, though very thin, should be removed. Glow Discharge Deposition

Figure 1 displays a cross sectional TEN Another very attractive approach to form a

photograph of a partially aligned polysilicon low temperature epitaxial emitter has recently

film after a 30' anneal in Argon at 10006C, been proposed by the authors [81. Under

and shows clearly how discontinuous the proper pro-deposition cleaning conditions,

interfacial native oxide layer becomes. This heavily doped amorphous silicon films

readily occurs at annealing temperatures above deposited from a silane plasma at 2500C on a

950C, and can be stimulated by annealing in single crystalline silicon substrate will
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epitaxially recrystallize throughout the film surface; the presence of tvin defects can be

after an annealing at a temperature of observed. The advantages of this process are

600-700*C during typically 30'. Figure 2 the large throughput, the good homogeneity

shovs a cross-sectional TEN picture of the over large areas, the effectiveness of dopant

as-deposited amorphous silicon film vithout introduction and the low processing

subsequent heat treatments. This picture temperature. Transistor operation with very

clearly shovs that over large fractions of the reasonable efficiency (emitter Gummel number =

interface the silicon is initially deposited 1014 cm 4 s) has been obtained (Fig. 4).

under single crystalline form epitaxially

aligned with the substrate. The thickness of

this layer depends from point to point and is

typically 10 na. The remaining part of the

layer is deposited in the amorphous state.

The existance of this thin epitaxially aligned

layer is probably due to a combined effect of

the presence of F- ions at the surface

resulting from the pre-deposition cleaning

step, and the reducing effect of the silane

plasma on the "native" oxide during grovth.

Figure 3 shows the same example after
, annealing at 600-7000C. Clearly the entire

n-type layer has recrystallized up to the

FIGURE 3

HRTEM photograph showing the n+ a-Si:H/c-Si
interface after 30' anneal at 700°C. The
entire n+ a-Si:H film is epitaxially aligned
to the substrate. The insert represents the

ad s dmicrodiffraction pattern of the recrystallized
region.

i! 3. WIDE BANDGAP EMITTER SILICON BIPOLAR

TRANSISTORS

Wide bandgap silicon bipolar transistors

are heterotype silicon bipolar devices which

may allow ultra high fT (Q 40 GCz) and room
FIGURE 2 temperature gate delays of 5 ps [9). These .

HRTEM photograph shoving the as-deposited n
+  expectations are based upon the following

a-Si:H/c-Si interface. The deposited Si is advantages t the combination of a sufficiently
epitaxially aligned to the substrate over
large fractions of the interface. large current gain with a low Intrinsic base
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resistance, the elimination of emitter stored by the presence of an interfacial oxide

charge and a better control on the uniformity layer. The TEN picture of Fig. 2

of ultra-shallow box-type emitter base demonstrates the onset of epitaxial

profiles. As discussed earlier these alignment over a large fraction of the

advantages should not be realized at the interface at the growth temperature of 2501C

expense of a large emitter resistance, causing in the plasma CVD reactor. This indicates

a decrease in transconductance and completely that the large emitter Gummel number is not

annihilating the expected gain in transistor an interface but a true heterojunction

performance. effect. Amorphous SiC:H has also been tried

At the moment most of the work on silicon (14), but devices suffer from similar

hetero-type devices is still in the early problems as with a-Si:H.

development stage since only dc results are Microcrystalline silicon (151 : allows large

largely available; results on the dynamic bandgap (1.4 eV) and reasonably low

performance of silicon heterojunction devices resistivities (10-2  gpm) to obtain low

arevery limited, series resistance. However, growing this

The challenges in wide-gap emitter research material reproducibly using the conventional

can be summarized as follows : plasma CVD without epitaxial alignment may

- to find a wide-gap material compatible with be difficult.

state-of-the art silicon processing

- the doping efficiency of the vide-gap le+05-

material must be sufficiently large such a-& NET EOJU NCON

that low bulk resistivities and contact

resistances can be obtained. e+04-

Unfortunately it turns out that these two

requirements are not easily compatible. The

folloving materials have been investigated, le+0-

with variable success, as wide gap emitter

- GaP this material is lattice matched to Si
le+ 0

but suffers from interface doping effects; HOMOJUNC1oN

so far poor transistor performance has been

reported 110]. 10+01- - X1+.

- SIPOS yields excellent GNE but large RE.

Experiments have shown that current gain is

not related to the wide emitter gap but to 10+001

the presence of a thin interfacial oxide
BAEGUM NUMBER (&aYM

layer [11l.

- 0-SiC : although not lattice-matched on FIGURE 4

silicon good quality epitaxial growth Max DC current gain versus base Gummel number

without large built-in stress has been for different types of emitters.

demonstrate& 1121. This material is very

promising, although device performance has Figure 4 presents some experimental results

not yet been reported. indicating an increase in the dc current gain

- Amorphous Si (a-SiiE) : excellent GH but w when Si wide bandgap emitters are used.

large RE (> 10-3 gem2) (131; large series From these preliminary results it follows

resistance Is caused by contact rather than that, in the opinion of the authors, two
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*"ide-gap" materials should be considered as 6. ACKN0VLEDGMNT
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4. NARROV BASS SILICON BIPOLAR TRANSISTORS

It is nov well known 1161 that the GexSll-x  REFERENCBS

layers can be grown pseudomorphically on
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B2.2.1

ELECTRICAL PARAMETERS OF S01 MATERIAL OBTAINED BY ZMR AND OXIDIZED POROUS SILICON

1.
2N. Hiond, G. Bomchil, J-L. Regolini, D. 8ensahel, D. Dutortre, D-P. Vu, K. Barla,A H. Halimaoui, R. Hein.

Centre National d'Etudes des Telecommunications, BP 98, 38243 Neylan Cedex, France

A. Monroy, S. Thouret, Y. Gris.

Thomson Semiconducteurs, SP 217, 38019 Grenoble Cedex, France

Lamp-Zone Melting Recrystallization (ZMR) of deposited silicon on oxide has
proved to be suitable for making devices. We present here electrical results
obtained in this material on batches of 4-in. wafers, which confirm its crystalline
quality. We also present recent results obtained in SOI material prepared by
oxidizing a buried porous layer. Since laser-ZMR is still in the race toward
the fabrication of a material compatible with 3-0 circuits fabrication, some
new results are periodically available. By presenting electrical results of
the three types of material, we compare and discuss the future trends in SDI
concerning each of these three techniques.

1. INTRODUCTION 2. S0 MATERIAL PREPARATION

Silicon-On-Insulator (SOI) is expected to The preparation of lamp-ZNR 501 material

help solving some of the present problems has already been reported /3/. Shortly, a

encountered in the CMOS technology of VLSI grating is etched in an oxidized wafer. It

circuits, namely in the race toward smaller consists in 0.4 pm deep and 36 pm wide

dimensions: latch-up, dielectric isolation stripes separated by 4 pm lines. A 0.5 pm to

and density of integration, power 0.6 pm thick encapsulated polysilicon film is

consumption,... Many techniques have been used. The cap is a 1.6 pm thick oxide. It

investigated. The use of an oxygen ion avoids the dolaminstLon of the liquid silicon

implantation (SIMOX) is presently widely and limits mass transport at melting. The

studied over the laboratories, and is lamp apparatus /3/ consists in a row of

discussed elsewhere in these proceedings. We halogen laps used to preheat the wafer up to

have been working on Zone Melting 1150 OC. An additional lamp placed in an

Recrystallization (ZMR) for a long time /1/. elliptical mirror is used to melt the

This technique has therefore reached a level deposited polysilicon film. The molten line

where batches of 4-in. wafers can be is scanned at a speed of 0.2 mm/a. The

processed reproducibly and provide a grating etched in the underlying oxide

device-worthy material /2/. Another provides an effective defect entrainment,

technique is attractive since the processing thanks to a solidification front modulation

apparatus is simple and cheap: the oxidation /4/. Fig.la presents a SEN micrograph of a

of porous silicon obtained by anodizing a cross-section of a typical lamp-ZNR wafer.

N/N+/N structure. The last technique we Extended characterizations of these samples

report below is laser-ZNR which is one of the have already been reported /5/. The

techniques which should be used for making remaining defects such as grain-,subgrain

3-D devices. we present these three boundaries (GBs, SGB ) or precipitates are

techniques and compare their respective entrained upon the 4 pm steps of the relief

electrical parameters as measured after grating. The wafers are flat and the slip

having ran wafers of each type in a 3pm CMOS lines if there are any are located in the

technological process. bulk substrate and not in the 501 film

itself. Batches have been processed which
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show the reproducibility of the lamp-ZNR

procedure as well as the compatibility of the

wafers with a CMOS process line.

A different approach has been studied to

fabricate SO1 material: it is based on the

transformation of single crystal silicon into

porous silicon by anodization in an HF

electrolyte. By taking advantage of the

preferential anodization of N+ silicon, a

buried porous layer can be obtained by

opening windows in the N-type epitaxial layer

a of an N/N+/N structure /6/. The formation of

porous silicon proceeds laterally until the

whole volume of the buried layer is

transformed, in a self-limited reaction. We

have been working with a controlled potential

in a potentiostatic three electrodes

configuration. The anodization conditions in

HF electrolytes solutions are adjusted to

give an homogeneous porous layer of about 56%

porosity. An oxidation step provides a

buried oxide which is equivalent to a thermal

oxide /7/, regarding its resistance to

chemical etching in HF: FNH4 solutions.

b Flg.lb is a SEN micrograph of a cross-section
of the S01 strucure after the porous layer

has been oxidized. The buried oxide is

homogeneous, displays flat and abrupt

interfaces. In this sample, the N+ layer

doping level was 1.5 E19 cm-3 (antimony) and

was anodized in 35% HF solutions in ethanol.
The oxidation procedure has been described

elsewhere /7/. By using this procedure,

4-in. SOI wafers have been fabricated which

are compatible with a standard CMOS
technological process. The 50I material

consists in 4/36 am window/active region
stripes, all across the wafer.

Lsser-ZNR has been a pionneering technique

FIGURE I for the obtention of $01 material, but its

SEM cross-sectional micrographs of: application has been restricted because

a) a lamp-ZMR oxide capped sample near of several drawbacks. The spot size and

a defect entrainment line Lelated overlapping problems remain. Since
b) an oxidized porous sample near an

anodization access window . The sample the two previous techniques cannot afford the
has been etched in a 1:7 HF:FNH4 opportunity of making 3-0 devices, the laser
solution

c) a laser-ZMR sample near a SEG-filled has not been ebandonned. Therefore, new
seed. The sample has been immersed in efforts have been made on the way toward
a buffered HF solution. obtaining large defect-free areas. In
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laser-ZMR where a seed is used, defects are I
related to the thermodynamical behaviour of Sol Gate Oxide Lateral Isolation Gate Material

the seed arep upon melting, i.e. the

volumetric contraction of silicon and the 5000 A 420 A RIE of mesas Poly-Si:4200A

temperature gradient between the seed and the I

501 region. These effects can be overcome by Table I : Ptoce Parameters.

using a seed filled with single crystal fabricated by avoiding the channel implants,

Si or by using discontinuous seeds /8/. i.e. using the as-prepared SOI material.

In our case, we have used a Selective They can either be enhancement or depletion

Epitaxial Growth process (SEG) /9/. Our mode transistors. These natural transistors

samples are as follows: 4-in. wafers are provide an adequate tool to study the

oxidized up to 0.5-0.6 m and uren etched by properties of the interfaces and to measure

Reactive Ion Etching (RIE) for delineating the residual doping concentration, by C-V,

the seed regions: 2 or 4 pm wide and 40 pm I-V and tranaconductance (gm) measurements

pitch. The seed lines ate <100> or <110> /10/. Since the SOI film thickness is about

oriented. The solidification front is here 5000 A, the channel will be completely

controlled by tie trailing edge of the molten depleted or not, depending on the residual

spot. doping level of the 50I. Table 2 presents

A solidification front parallel to the <110> values of drain current as measured on

direction is therefore obtained by using an depletion N+/N/N+, W/L= 30/30pm (natural)

elliptical spot slanted at 30 0 from the transistors at Vg= -2V and Vd= 5V. It is

<100> scan direction. below E-13 A/pm in the lamp-samples whereas

A I pm poly-Si film is then deposited, it is about E-9 A/pm in the laser-samples and

followed by the deposition of a I pm oxide E-6 A/pm in the FIPOS samples. These values

cap. Since the slanted elliptical spot is are attributed to the residual doping level

scanned parallel to the seed lines, the and to interface states at the back

defects are rejected near one end of the interface. In the three types of SO!

seed. Fig.lc shows a SEM micrograph of a material, the residual doping is N-type. It

cross-section of our sample near the seed is in the low El5 cm-3 in the lamp samples

region. The high crystal quality has been and in the high E15 cm-3 in the laser

confirmed by TEM. The crystalline defects samples. No satisfactory explanation has

are the SGBs which correspond to about 1 been found to explain this N-type, whereas it

degree of misorientation between each side of is in the E16 cm-3 for the FIPOS samples

the SGB. Similar results have been obtained where it can be attributed to a diffusion or

using discontinuous seed /8/. Isolated dislo- to any incorporation mechanism of species

cations exist in the seed regions. They do from the N+ layer used for the preparation of

not extend very deep into the substrate and the material (N/N+/N structure). In order to

their density is lower with 2 pm seeds than better qualify the material quality, we have

with 4 pm openings. derived the minority carrier lifetime from

3. ELECTRICAL PARAMETERS the time to form the inversion layer in a

The three types of SOI wafers have been depletion mode transistor /11/. Table 2

processed in similar self-aligned 3 pm summarizes the orders of magnitude obtained

poly-Si gate CMOS sequences. The main in each type of SOI. It shows that the lamp

technological parameters are summarized in material is approaching bulk material quality

Table 1. The laser results presented below whereas FIPOS and laser materials have traps

have been obtained on samples prepared and which reduce the lifetime. As shown in Table

recrystallized by the LETI and using discon- 2, we have also derived values of electron

tinuous seeds /8/. Natural transistors are and hole mobilities from gm(Vg) curves at Vg=
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sample could result from a poorer quality
Residual Doping tg pe FP either of the interfaces or of the material

as compared to the other materials. These

Lamps N 2-3 El5 cm-3 10 ps 900 230 parameters have been derived from

measurements performed on edgeless
transistors since these allow to avoid the

Laser N 7-8 E15 cm-3 1 ps 1000 20 parasitic edge channel encountered in mesa
etched N-type transistors /14/. Fig.2 shows

tg: Minority Carrier Lifetime. Id-Vg curves of both P- and N-type edgeless
pe, pp: Electron, Hole Mobility. 72/5 go transistors obtained in iamp-ZNR

Table 2 : Electrical Parametes Obtained from Natural wafers at Vdz 0.1 V. The subthreshold elope

Thmamirs (N+/NI/N+ and P+/tN/P+). is about 120 mV/decade and confirms a low
density of interface states. This slope can

Vfb (flatband voltage) /12/. Notice that overcome the theoretical "ideal" value as a

these values do not correspond to those result of the "kink" effect /15, 2/due to the

measured in inversion or accumulation layers, floating substrata /16/. It can be avoided by

They are close to the bulk values /13/ connecting the source and the channel or

whereas the second ones are lower as a result reduced by thinning the S01 film /17/.

of increased scattering. 249-stage, 3.5 Im effective gate length

These results are confirmed by ring oscillators have been fabricated, in

measurements performed on enhancement mode order to test the dynamic characteristics of

transistors (where the channel has been ion the materials. Table 3 summarizes the

implanted). In Table 3, we present leakage results for the three S0I techniques. We

current levels as measured on 72/5 ga N-type believe that in the laser-sample% where the

edgeless transistors at Vg= -2V and Vda 5V. mobility on individual transistors is high

In each type of 50I, they remain below 1 pA/ (see Table 3), the increased propagation

pm of channel width. Table 3 also displays delay time is partly due to the thin oxide

surface mobility values as derived from Id-Vg used to isolate the seeds (gate oxide), and

curves in the linear region. The high value also to the low thickness of the underlying

of the electron mobility together with a low oxide (0.3 1m).

hole mobility in the laser-samples could be [o

due to some residual local stress within the

50I film. The low hole mobIlity of the FIPOS 1E-03

Leakage Current pe pp tp
(,) cm2/V.s cm2N.s ns decde.

Lamps <pA 620 220 1

FIPOS <pA 570 155 1.7

Laser <pA 70 185 2.2

-5. 000 0 5. 000
* (s) Measured at Vg= - and Vd-+/-5V. vs 1.000/div (V).

pe, pp: Electron,Hc*o, .&.,.lities. FIGURE 2
* tp: Propagation Delay T'n-, ." Gate (3.5 pm effective

channel length). Id-Vg curves of P- and N-channel tran-sistors fabricated in lamp-ZMR material.
Channel width, W- 72um and gate length,

Table 3 : Electrical Parsimers Obtained fionm N- and P- L- 4um. Vd- +/- 0. IV and Vg- -/- 5T
ldnhncemet Made Traninshm . The Bulk substrate voltage Vb is OV.
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The number of processed wafers is too 'low level of maturity of the technological device
for the laser- and FIPOS-SOI material to process for a given material. Since
provide reliable statistical studies from a lamp-materiel has reached a

wafer to another or from a run to another. process-compatible quality before the other

It munt be pointed out, however, that in two, they are a step forward on their way
single wafers the loser- and FIPOS-SOI film toward the production of 50I circuits for the

thickness is very uniform. This point is microelectronics. Specific technological

vary important for technological steps such steps necessary. Moreover, the design

as SDI film thinning, dielectric isolation constraints brought on by the relief grating

(mesa etching or LOCOS definition), energy have been taken into account by the circuit

adjustment of the Drain/Source implants... designers who use the defective silicon for
Statistical results are available for the highly doped parts of circuits.

lamp-SOI material where many batches have Mass-transport still has to be improved if

been processed. They have first shown that one wants to thin the S0I film down to

the residual doping level should be reduced hundreds of angstroms. This should be useful

down to the £15 cm-3 or less in order to for avoiding the "kink" effect without

allow the adjustment of the threshold voltage density loss. Another "effect" has to be

of both N- and P-type transistors. Notice in reduced, that is the previously reported

Fig.2 the symmetrical characteristics of both "shrink" of the lamp-ZMR wafers /3/. It

P- and N-channel transistors. In Fig.3, we leads to a narrowing of the defect lines. It

display the threshold voltage distribution of must be quantified precisely and be
enhancement mode 20/3 pm N-type transistors reproducible in order to have it correctly
obtained on 4 4-in. wafers of a same batch. corrected at the first mask level, that is
The mean value is 0.9V with a standard the relief'grating level.

deviation of 61 .V. We have already On the other hand, laser- and FIPOS-SO
presented some statistical results, namely on materials are quite new, as far as the VLSI

the influence of the defect entrainment lines technologicalprocess is concerned. FIPOS is
and shown how they scatter the threshold very attractive since the useful material is
voltage distribution /2/. similar to the starting bulk crystal as it

does not undergo any transformation.
However, the residual doping level should be
reduced at least of one order of magnitude if
we want to adjust the threshold voltages.
Moreover, new design constraints are brought

1in by the fact that there is no silicon left

* in the access windows of the N/N+/N structure
after oxidation of the porous buried layer.

H The interfacial quality of the oxide should
E-4 also be further improved. Finally, the laser

technique has to be characterized more

specifically and precisely, namely concerning

the residual crystalline defects (SGBs,
• twins, stacking faults,...) and the rssidual

.0 Cm ,.o 1.10 1.30 stress within the recrystallized material.
THRESHOLD VOLTAGE (V) Moreover, the long term stability of the

laser also has to be certified. We believe,

however, that this technique should find someIspecific applications in the field of 3-D
FIGURE 5 circuits.

To summarize, we believe that it might be

trns tistorsrfabricate ion om R w-afpers. possible to classify the three techniques in

I W- 2Curn, Leffective- 1.7ur. The mean vaue a chronological order of applications to

is O.9V and the standard deviation 61 mV. circuit fabrication. Lamp-ZNR material is
ready for -circuit development.
FIPOS-eaterial should find a medium term

4. DISCUSSION application, after the main residual problems
We hove presented above the main indicated above will be solved. Laser-ZNR

electrical results obtained in each of the has a certified but probably long tarm 3-D

three techniques. It must be pointed out circuit field of application and should still

that these results are not independent of the demonstrate its reproducibility and
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crystalline quality on a large scale If It
wants to be applied shortly in the VLSI 2-0 /6/ olstrom, R.P., Chi, 3.Y., App. Phy.
technology. Lett., 42 (1933) 386.

5. CONCLUSIONS /7/ Bari@, K., Bouchil, G., Herino, R.,
We have shown that among three different Monroy, A., Gris, Y., Electron. Lett. 22

techniques used in the recent years to (1986) 1291.
fabricate SO material, i.e. lamp- or
lassr-ZNR and FIPOS, the level of advancement /8/ Mermest, 3.L., Achard, H., Bono, H.,
is quite different in both material and 3oly, 3.P., to be published in ESPRIT
technological processes. Statistical and Technical Week, Bruxelles, Oct. 87.

electrical parameters obtained in lamp-ZNR
batches of wafers show that this technique is
reedy for providing substrates for making /9/ Regolini, 3.L., Dutartre, D., onsahel,
CHOS devices. On the other hand, problems D., Karapiperis, L., Garry, G., Dioeusegard,
related to remaining detects in the material D., Electron. Lott. 23 (1987) 495.

or to a high residual doping level still have
to be solved in the other two techniques /10/ Vu, 0-P. end Pfister, 3.C., Appl.
before they can provide reliable substrates. Phys. Lett. 48 (1986) 50.
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B2.2.2

POROUS ANODISED SILICON FOR FULL DIELECTRIC ISOLATION:
The Development of an n/n+/n Device Route

D Brumhead, 3 G Castledine and J M Keen
J M Cole, L G Earwaker, J P G Farr, P E Grzesczyk, J L'Ecuyer, M Loretto and I M Sturland*

Royal Signals and Radar Establishment, St Andrews Road, Great Malvern, Worcs WR4 3PS, UK
* University of Birmingham, P 0 Box 363, Birmingham B15 2TT, UK

The n/n /n route to porous silicon has been used to produce fully dielectrically isolated

silicon islands. Results are presented to show that doping of the island with residual n+

material can be avoided and that the silicon is of high crystalline perfection. The tech-

nique is shown to avoid the limitations of the original p-n technique and to be extremely

promising for SOI Device applications.

1. INTRODUCTION the buried oxide can be decoupled from the

Progress is reported in applying oxidised width of the islands, there is no residual

porous anodised silicon for full dielectric spike beneath the centre of the island,

isolation in VLSI. Early procedures [] were therefore the islands as formed and after

based on selectively anodising p-type regions, oxidation are potentially defect free. A

and NTT made a 64K RAM using this technique. disadvantage is the need for a thin epitaxial

The method, however, had limitations with layer with an abrupt interface to a buried n+

respect to island width and crystallographic layer.

perfection, and resulted in thick porous

layers. Inevitably, a spike was left under 2. EXPERIMENTAL

the silicon islands. Other approaches involve A strip mask has been used to produce

growing good quality molecular beam epitaxial wafers with different structures in each of

layers on porous silicon [2] or rely on a four quadrants. Island strips of width 20,

buried layer beneath the silicon wafer surface 30, 40 and 60 microns have been produced with

to direct the current flow laterally, under 5 micron n+ anodising entry windows between

the device islands [3]. Both of these methods theis in the four quandrants, respectively.

have disadvantages in practice. The wafers were anodised at constant voltage

in an ethanoic/RF electrolyte to convert the

We have explored n/n+/n enhanced lateral n+ silicon both between and under the islands

anodisatton as an alternative route [4]. Its into porous silicon about half a micron thick.

basis ia that the suceptibility to anodising The tafers were subsequently oxidised and

is dependent on the n-type doping level, so analysed.

that higher dopant concentrations lead to

lower anodising voltages and lower porous 3. RESULTS

densities. Therefore n+ material can be Transmission electron micrographs (TEM) of

anodised preferentially leaving a lower-doped cross-sections of island-doped wafers (Figure

n-type island. The advantages of this 1) illustrate the isolation obtained, the

technique over using p/n selectivity are that retention of the island geometry and the

the thickness of the porous silicon and hence good crystallographic quality of the island.
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i Cross-section TEM micrographs shoving the n/n+/n microstructure following (a) anodising
uidation at 300*C for 1 hour and 800*C for 2 hours, (c) 300*C for 1 hour, 800*C for I hour

and 1090*C for 4 minutes followed by an anneal in dry nitrogen for 1 hour. Note the absence of
defects in the Si island and the sharpness of the interface between the Si island and the porous Si.
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Figure 2(a). SIMS profile showing the initial 0 0.5 1

dopant distribution through a vertical section Depth (microns)
of the island structure.

Figure 2(b). SIMS profile showing dopant dist-

The non-uniform structure of the as-anodised ribution after the oxidation of the porous

porous silicon is related to the implant silicon.

profile which is well-revealed by SIMS

analyses (Figure 2a). The pore size and Energy (MeV)
structure is determined by a complex u00 0.4 0.6 0.6 1.0 1.2 1.4

relationship between dopant concentration, .. S RANDOM SPECTRA

electrolyte composition and the anodising 4000 S R RSi

current density. By careful choice of OXIDISED

conditions, the doping levels and current 3000 POROS SI.ICO,5 POROUS. SKXON
density effects can be used to counteract each "", !

other in order to achieve a much better A

uniformity than that shown.

LI~ seepP55 o the1000

The stepnss of the profile determines the 0 PO

roughness of the interfaces between the O SKCON

fl 200 3oo 40 500
silicon island/porous silicon, and substrate/ Channel

porous silicon. On oxidation, the porous

silicon, together with some of the silicon at Figure 3. Rutherford backscattering (RBS)

the back of the island and at the substrate spectra from randomly oriented samples of as-
anodised and anodised-plus-oxidised (1 hour at

interface, is converted to SLO 2 . This to 300C plus 2 hours at 800C) porous silicon.

shown in Figure 1 (TEM) and Figure 3 The spectrum from the oxidised porous sample
indicates fully oxidised Si0 2 with some of the

(Rutherford Dackacattering). back face of the island also being oxidised.
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B2.2.3

SMAClO: I BAUIC 3-DINUIlSIOUL dO0 PCOCSS

I. Buckmer, K. Eaberger, P. 8egebrecht and P. Pamish

Fraumbofer Institut fur Vestklrpertechnologis
Paul-Gorbardt-Alleo 42
D-8000 lch 60. West Germany

NOS Transistors have been fabricated in two independent active device layers,

the second of which has been formed through laser recrystallization of a thin
polysilion layer. The effect of the fabrication process on the devices in the
silicon substrate has been investigated and characterized through electrical

measurements.

1. INTRODUCTION itself to a CNOS circuit structure in which

Integrated circuit semiconductor develop- the 3MO and PNOS devices are fabricated in

sent is characterized by constantly increasing their own layers respectively thus simpli-

device packing density. Until recently this fying the process, though it is in principle

has been achieved by reducing the lateral not necessary. Due to the fact that arsenic

device dimensions while increasing the chip is the most thermally stable element in

. area. The magnitude of reduction in device silicon it was decided that the n-channel

dimensions has proved to introduce significant devices would be fabricated using As doped

technological problems. Another possibility source-drain regions in the monocrystalline

for increasing the level of integration is the silicon substrate.

utilization of one or more additional device The 3D process developed requires 10 mask

layers. In addition to reducing the inter- steps and utilizes virtually exclusively

connection length such a tactic allows the standard semiconductor processes. Starting

realization of completely new circuit concepts material for the process is 3" p-type (100)

as well as making possible the utilization of silicon wafers. The first phase of the

mixed technologies, process is the utilization of a standard poly-

In order to investigate the effect of gate OS process to fabricate the n-channel

recrystallization of the upper layer of a devices using a 500 A thick gate oxide with a

3-dimnsional circuit on the devices in the minimum feature size of 4 um. The source-

underlying layer a 3D-CNOS process has been drain regions are As doped using ion implan-

developed. tation. At the completion of this phase the

surface exhibits significant topography. It

2. PROCZSS is known that such nonplanar features have un-

Since the primary purpose of this invest- desirable effects on the recrystallization

igation is to determine the effects of the process resulting in nucleation sites for

recrystallization process, the technology has grain boundary formation [1]. These effects
been conceptualized to be as simple as are minimized by applying a planarization

possible. Two active device layers have been process which serves simultaneously to

fabricated, the first of which is in the mono- insulate the first device layer. A two stage

crystalline silicon substrate, and the second planarization process is used. In the first

which is fabricated in a thin recrystallized stage LPCVD oxide is deposited and then

polysilicon layer. This arrangement suited patterned to fill the depressions in the
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source-drain areas. A low temperature oxide lands to allow for contacts to the devices in

(LTO) is used for which the etch rate in the substrate layer.

buffered BF is roughly three times that of a

thermal oxide thus allowing processing without

special etch stops. With the proper mask

design this process allows a nearly planar

surface to be obtained. The remaining

irregularities are minimized in a reflow

planarization step in which a 0.1 us oxide

layer is deposited followed by 0.4 us of

Phosphorous-Silicate-Glass (PSG). After re- Fig. 1: Beam form of the argon laser.

flow a 0.2 un oxide layer is deposited to

serve as a diffusion barrier. P-channel polysilicon gate NOS transistors

After completion of the devices in the with a 500 A thick gate oxide are formed in

first layer a 0.5 us thick layer of poly- the recrystallized silicon layer using a

silicon is deposited, doped, and covered with modified standard HOS process. A substrate

an 850 A thick LPCVD oxide capping layer. The contact for the devices in the second layer is

polysilicon is recrystallized over the entire included since it has been found that the

surface with the help of an argon laser. This characteristics of devices with a floating

is necessary in order to avoid excessive substrate are different than those at a fixed

absorbtion in the underlying monocrystalline potential. Additionally the fixed substrate

substrate. The laser power, beanwidth, scan allows for minimization of coupling effects

speed and substrate temperature are 12 V, 70 between the two layers.

us, 3 ca/sec and 500 oC respectively. Mod- The contact window opening proceeds using a

ification of the melt-zone temperature profile combined dry/wet etch process which takes

is achieved through bean forming as shown in advantage of the high selectivity of wet

Figure 1. Following recrystallization the chemical etching while obtaining low levels of

silicon layer is divided into individual is- lateral underetching.

- THERMAL OXIDE
EM LPCVD OXIDE
= N DOPED REGION= P4 DOPED REGION

P CHANNEL MOSFET E ALUMINIUM

N CHANNEL MOSFET

P SUBSTRATE

Fig. 2: Schematic cross section of a 3D NOS device.
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3. RESULTS

A schematic cross-section of a 3D device 4

consisting of two 030 transistors is shown in

Figure 2. A SIN photograph of the corres-

ponding fabricated structure is shown in

Figure 3.

Fig. 4: Typical characteristic curve of a
! . n-ehannel NOS transistor.

Fig. 3: SEX photo of a 3D device. -/00

As stated earlier the main goal of this in-

vestigation was a determination of the effect

of the recrystallization procedure on the un-

derlying devices in the monocrystalline sub a
strate. Characteristic curves typical of the (n

NO devices in both layers are shown in Fig- -

ures 4 and 5. Altough the threshold voltage

of the n-channel devices is slightly negative

this may be easily compensated with an

appropriate channel implantation. The p-chan-

nel transistors exhibit a relatively high O
threshold voltage of -12 V and a mobility of
roughly 140 cmt/Vs. This say be attributed to VDS (V)
high levels of surface roughness on the Fig. 5: Typical characteristic curve of a
boundary layer at the silicon/gate-oxide p-channel NOS transistor.

interface as has been seen with SU

investigation. The source of this roughness cant effect on the man values of the thresh-
may lIe in the low scan speed used during old voltage and mobility, the parameter scat-

recrystallization. tering increases by roughly 50%. After com-

The measurements show that the recrystal- pletion of the second active layer the mean

ligatiom process has a limited effect on the parameter values have shifted as well. It is

parameters of the devices in the substrate possible that this shift is caused by the

layer. Although the process has no signifi- resultant mechanical stress between the
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82.2.4

VOLUM9 InRSION IN s01 molra~ WITH DOUBIA GATE CONTROL-
A NEW TRANSISTOR OPERAT11OI Wn1N GREAILY ENHANCED PERFORMANCE

F. BALESTRA. S. CRLSTOLOVEANU, MI. DENACHIR, J. BRINM and T. ELEWA

Laboratoire do Physque dos Composants A Seniicondlucteurs (UA-CNRS),

ENSERO/iNPO, 23 Av. des Marqtrs, 38031 Grenble FRANCE

Silicon-On-Insulator transistors awe used with a double gate control. By this way, a fully inverted silicon film

(interface and film volume) is obtained. This method allows us to greatly enhance the device performance, in

particular the subthreshold swing transcoaductance and drain current. Simulated and experimental characteristics

on SIMOX structures are analysed to study the new device.

1. INRDU7O

Silicon-On-Insulator materials present many advantages whole silicon film is in accumulation. For higher VG1, the

compared with the bulk silicon VLSI technology, lateral potential increases at the interfaces and in the film volume, from

* ~~isoation, lower parasitic capacitance and power, higher spee, dpeint"ekadsrn neso.FrV 1 ~U6V h

reduced short channel effects, radiation tolerance, . potential shift exceeds 2*F in every regions and all the film is in

In this communication, the special multi-interface confi- strong inversion. We propose to call this new device the 'volume-

guration of Sol structures is used to obtain a new device based Inversono MOSFET (VI-MOSFET).

on volume inversion. The theoretical analysis is achieved with a

*"home-made computer program (ISIS) which gives the solution v
of the Poisson equation in multilayer structures [1], and the-

experiment is carried out on SIMOX devices.-5

2. SIMULATION Z
The physical principle of the device is shown in II 0 V611V~z -1, .1. .6. .8. 1, 1.2. 1.4. 2

Surface inversion channels can he activated either at the top 208L WNo
interface or at the bacd interface using the normal gate VG1 or

* the secondary gate V2 (bulk Si substrate) respectiviely. We -

choose to simultaneously bias both gates (Vr~ - K V01), DL

where the coefficient K accounts for the dilfferences in thickness a rA *Wz-,-1.....6

and threshold voltage between gat oxide and buried aside (Km a .

10). X/t5

If therfim is thick or highly dopedf there isnsooverlap of the

two depletion regions and the inversion channels prow almostFureI

independently. Por example in rjigs, the asm is ghtly Potential profiles inside the silicon film for uncoupled (a doping

depleted for V0.1  - 2V and only a low coupling appears Na - 4.1016 cm-3 film thickness tSi - 300 nm) and coupled (b

betwa ue wo ondctig Na - 3.10'5 cm-', t - 100 am) interfaces (27 am and 380

A different behaviour (Fig.lb), earned by the coupling of amtikoie)

the tM kntrfawa cewa in flm With normal thickness (< 0.2

14m) and low doping (a few 101s cmrl). Fer V~01 .1 V', t
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The behaviour of the VI-MOSFET is governed by minority __

carriers, which now are no longer confined at an interface. There 109

are significant advantages: greatly increased number of minority 1007/

carriers, reduced influence of surface scattering and interface 1~ 2 1

defects. use of the volume which is much thicker than asurface Z 1 0
"g9 :

inversion layer and has higher carrier mobility. Thes special -

features lead to a great improvement in current value, - 1011 ,

subthreshold slope, transconductance and speed. t

In Fig.2 are compared the current-voltage characteristics of 3 1- /

an N-channel VI-MOSFET (K - 10) with those of a normally 2 2S

operated MOSFET (K - 0, i.e. inversion layer at the top surface 
-  1

only). The current and transconductance variation versus VG are 03 0.2 07 1.2

calculated using a mobility profile suggested by transport

measurements [2] : 1200 cmz/Vs in the center of the film, 500

cmz/Vs at the front interface and 400 cm2 /Vs at the back o 1s

interface.

The subthreshold swing (Fig.2a) of the VI-MOSFET (29 . 12
mV/decade, curve 1) is excellent, compared with 66 , 1

mV/decade for the normally operated MOSFET (curve 2), and 9Lj 9/
clearly goes far below the theoretical limit of the normal r--

fo-- 3
MOSFET (a60 mV/decade). A..( -- -

6
In strong inversion (Fig.2a) the current of the VI-MOSFET 0 r-•-

(curve 1) exceeds by a factor 3 at VG-t - 1.2 V that of the 3

normal MOSFET (curve 2). This is due to (i) the increase in the ,

total number of carriers, (ii) the improvement of the -

subthreshold swing and (iii) the transconductance overshoot of -.3 0.2 0.7 1.2
the VI-MOSFET (Fig.2b, curve 1). Indeed, the transconductance VG 1 IVI
is dearly enhanced for K=10 (curve 1) in comparison with

K-0 (curve 2). The maximum field effect mobility (1050 Figure2

CMn/VS), corresponding to the transnductance maximum, is Simulated I-V characteristics (a) and transconductance (b) for K

close to the carrier mobility in the fid volume. = 10 (curve 1) and K -0 (curve 2), for the device of Fig.1b and a

The comparison with a linear variation of carrier mobility bell shaped mobility profile. The curves 3 (K - 10) and 4 (K =

(without peak mobility in the film center) between the t0) are obtained with a linear mobility profile. For the sake of

interfaces (curve 3 : K - 10 and curve 4 : K -0), emphasizes the simplicity, the mobilities are supposed to not depend on VG.

importance of the volume mobility. It is interesting to note that

even for K -0 (curve. 2 and 4) the mobility profile is important, Fg. 3 shows the current-voltagc characteristics of N-type

since a volume inversion still exists in a narrow region close to depletion mode transistor. The drain current and the

the front surface. transconductance are compared for the normally operated

MOSFET (K-0) and for the MOSFET with volume-

accumulatlon (VA-MOSFET) with K- 10. Volume accumu- I
lation is more easy to obtain than volume inversion, because it is

a uaturar behaviour of the silicon film for a normal transistor in

flat band situation. Therefore, the gains are slightly lower for the

VA-MOSFET than for the VI-MOSFET. Nevertheless, the use

400--.--*.----.-.----. - -



of a double gate control greatly improves the important device 3. EXPERIMENTS

parameter& Indeed, we can observe in Fqi.3 a decrease of the All these optimistic expectations are indeed verified.

subthreshold swing (67 mV/dec for K=0 (curve 2) and 34 Experimental evidence has been obtained with P-channel

mV/dec for K-10 (curve 1)), an increase of the trans- MOSFETs fabricated with standard technology on a low-doped

conductance (90 %) and current value (75 %) for the VA- SIMOX substrate (dose 1.8x10I 0+/cm2 , energy 200 keV,

MOSFET. annealing above 1300'C). The thicknesses are about 200um for

the film, 27 nm for the gate oxide and 380 nm for the burried

1__4 2_ oxide. The characteristics of 0.8 t4m long transistors are given.

3 Fig.4 a and b clearly show the great gains in subthreshold swing

6 -1-6(70 mV/decade for K=0 (curve 1) and 29.5 mV/decade for
t --.- ' K=lO (curve 2)), transconductance (80%) and current value

-2 V, by using a double10-310' which increases by a factor 2.8 at VGj 2V yuigadul

U 6 gate control. The leakage currents of the VI-MOSFET is very

10 -16 low because carrier accumulation occurs simultaneously at both

interfaces. Similar improvements have been obtained on N-

12-. channel devices.

The enhancements for the case of depletion mode

IT_14 transistors with volume accumulation are the same than those of

the simulated choracteristics.

-05 0 0.5 \61IV) 1

-20

_ 102 1
a, 2

9U C

6 2 D -1IVI

3 20
9VII

Sc

Ui V

0

'a

Simulated I-V characteristics (a) and transcoaductance (b) for K .

-10 (curve 1)andK-0 (curve2) for1depim ode

transistor with the same technological parameters than in Pig.lb "

(dopin: Nd - 3.10"15 cm')" 0 -

S tExperimental I-V characteristics (a) and trasconduetance (b)

for a P-channel transistor made on SIMOX.
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For practical applications of VI-MOSFfrs (or VA.

MOSFETs), to overcome the limitation due to the use of the

substrate as a unique secondary gate, the double SIMOX

structure obtained by two amen implants [3] can be propnd

(see insert of Fig.4b). By this way, a silicon layer, lying between

the two buried oxides, is formed and acts inded a a gate.

Segregation of the secondary gates of various VI-MOSFETs is

made by oxidizing the unuseful portion of this film (by simple

adjustement of the oxygen implantation) or by etching.

On the other hand, to decrease the voltages applied on the

back gate, the difference in thickness between the gate and

burned oxide can be reduced. An other solution is to scale down

the biases of VLSI circuits.

4. CONCLUSION

In conclusion, the transistor performances have been

improved using the new principle of double gate control of VI-

MOSFETs or VA-MOSFETs. The experimental enhancements

(current, transconductance and subthreshold swing gins) are in

agreement with our theoretical calculations.
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A NED T!PE OF HIGH PERFORMANCE DEVICE FOR VLSI DIGITAL SYSTEM

XU XIAO-LI, TONG QIN-YI, XONG a&-KING

Microelectronics Conter, Nanjing Institute of Technology
Nanjing 210018, China

This paper presents a high performance Complementary Buried Channel PIT
device isolated by high quality silicon dioxide layer using Silicon wa-
fer Direct Bonding technology (SDB/CBCFET). The structure and operational
principle of this device is discussed. The properties of an improved 8DB
process is investigated. By means of 2D numerical simulation, effects of
interface charge density of bonding interface and 50I layer--i02 inter-
face on threshold voltage and the threshold voltage shift in submicron
geometry are analysed. The performance of submicron SDB/CBCFIT device
and circuits is evaluated. The results indicate that SDB/CBCPZT device
is superior to bulk CMOS and 80I/CMOS in speed, switching energy, com-
plexity, reliability and small size effects as device size decreases
into submioron dimension.

1. INTRODUCTION (SDB) which shows that the quality of

The dominant technology used in me- 301 layer and the underlying Si02 layer
dern VLSI digital system is bulk CMOS. is not degraded from its original sbulka
The development of bulk COS has been quality. Based on the characteristics
supported primarily by rapidly decrea- of this technology, we propose a now
sing feature size in the circuits. How- complementary buried channel device

ever, as bulk CMOS technology advances which has higher bulk mobility, much
into submioron dimension, several limi- smaller short channel effects and high-
tations have become apparents complex er performance than bulk CMOS and

process sequencesp significant short S0I/COS.
channel effects and serious interaction In this paper, the structure and
between neiboring devices. These nega- operational principle of SDB/OBCFBT is
tive effects have limited CMOS to Im- described, its small size effects and
prove its performance by further scal- its device/circuits performance are
ling. Silicon-On-Insulator CMOS tech- discussed by means of 2D numerical
nique offers an attractive alternative simulation and analysis models.

by providing simple device fabrication
sequences, improved short ahannel effects 2. DEVICE STRUCTURE

and no latch up problems. However, the SDB/CBCIT is characterized as a cam-
poor quality of 501 substrate by aonven- pound structure of MISFIT and HOSPIT
tional techniques such as SIMOX, laser (see Fig.1). In its lateral direction,
snealling eta. and 501 versions of cor- SDB/CBCFZT has the same doping type for

: responding bulk COS device have limited source, gate and drain which is similar
better use of 301 potential advantages. to NISFT, while in its vertical direa-
Moreover, the negative effects of CMOS tion, 8DB/CBCFIT employee poly-Si and

device can not be effectively suppressed. 8i02 layer as its gate which is identi-

In recent report (1), we investigated a cal to that of NO8FIT. By adjusting
high quality 801 substrate technology doping concentration of both poly-3i
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g ate an d h an n l r egon , a s ell as n- M L 2 = o T

looting proper 8102 thickness# the p

channel and the n ehannl devise can both

be hold in deep depletion at zoe gate

bias and normally off characteristics
both for n channel and p hannel devie o ing
can be obtained. Therefore, an n channel interface

devise and a p channel device of this

type structure can form a basis sample-

nentary inverter.(see Fig.

2.1. Properties of 8DB Substrate Fig.1l Cross-Setional view of -DB/CBC

An 8DB technology has bean developed. FMT configuration

The bonding process adopted in our york

involves the following main process ae- CBCFMT has no p-n Junctions at source

quencess the two mirror polished wafers and drain region. Thus, a significant

oxided in vet ozyen, the wafers treated reduction of small sie effects in aohie-

in acid solutions the wafers oontacted ved resulting in much less threshold vol-

face to face put into a 12 ambient at tage shift, improved punohthrough resis-

1050Cfor about 1 hour forming the 80I tanoo, and higher performance.

substrate. The mierostruoture and lseo- Channel carrier mobility in SDB/CBCFET

trioal properties of the 80I substrate is high due to its buried channel nature.

using this SDB technology have been ex- Furthermore# the low channel doping con-

tensively studied by TUI and DLTS analy- centration and the low threshold voltage

sis. The experiment results show that is responsible for high speed and low

dislocations are concentrated on the back power consumption of SDB/CBCFET due to

side of the substrate and no additional its low logical voltage swing, low sup-

defeats have been developed within 80um ply voltage and high bulk mobility.

from 8±02-802 bonding area. Therefore

the interface charge densty between 801 3. DEVICE CHARACTERISTICS

layer and underlying 8102 is no more than The 2D numerical simulation results

the interface charge density between con- show that the interface characteristios

ventional bulk silioon and thermal oXida- of 50I layer-underlying Si2 interface

tion layer. Both hole and electron nobi- deeply affect device properties. If the

lities are measured using Van Der Paw me- interface charge density is large and

thod. The results show that hole and oIo- the thickness of 801 layer is thin, for

ctron mobility of the SO1 substrate are the n channel device, normally-off oper-

369am /vs and 1079cm /vo respeotively ation changes into normally-on operation

whioh Is almost Identical to that in ori- and for the p channel device, it is in

ginal bulk silicon. Since the quality of deep depletion status which increases

SO substrate by 8DB technology is not its threshold voltage greatly. FIg.2A .

degraded from its original *bulk" silicon shows threshold voltage vs. SO1 layer-

quality, this So1 substrate is very sui- underlying 8102 interface charge density

table for OBCF device structure. for n channel device with various So1

2.2. Features Of ODCFT' layer thickness. Fig.2B shows the rela-

In contrast to conventional M08, SDB/ tion between a channel threshold voltage
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Fig. 2

N channel threshold voltage shift vs. Fig.3 t 2D doping ooncentration distra-
interface charge density with 0.5um chan- bution of n channel device (at o.3V thre-
nel length, 0.78V flat band voltage end shold voltage) (A) and p channel device
1V supply voltage for A: SO layer-under- (at -0.3V threshold voltage) (B) with 0.5
lying SL02 interface with various 501 uK channel length, 0.78V flat band vol-
thickness, B8 8102-3i02 bonding interface tage, 5xlO0intorface charge density and
with various 3102 thickness. 1.OV supply voltage.

and bonding interfaoe charge density for A Vt
(v)

various underlying 3102 layer thickness. 0.0
From Fig.2B we can conclude that as long / 

-

as the thickness of underlying 3102 is .0.2 -07

larger than 0.5um, the bonding interface d (n)
-.-- 1.0 -801

charge density will almost not affect the -0.4

threshold voltage of "DB/CBCPBT. Bulk

FIS.3A&B shows 2D doping concentration 0.0 0.2 0.4 0.0 2 4 6
diutrabution of n channel device (at 0.3 CHANNEL LENGTH (mm)

V threshold voltage) and p channel device

(at -0.3V threshold voltage). It is found

that both devices show nowrally-off oper- Fig.4 t Threshold voltage shift of n
channel device vs. channel legth, with

ation and small punohthrogh effects. 0.78V flat band voltage. 5z10"TAntewfaee

Threshold voltage shift as a function charge density and 1.0V supply voltage.

of effective channel length for n ohn-
nel device is shown in Pi.4. The amount shift of n channel device of 3DB/CBOFXT

of threshold voltage shift of SDB/CBCa is mush maller than that of CM3O device

dote-nined by 2D numerical simulation is structure. The 2D erioal analysis ox-

eonared with that of bulk 03603 and that plains the physical origin of the dif-
of 501/S011 (2). It is shown that for the fereno between bulk CMOs, 301/CN08 and

aubmioron device, the threshold voltage SDB/CBOIoPE For 3rA/ BFNT absence of
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TAB, 1

L d Nd u/up VtA/VtP Vd T 3
(ur) (N) (em3 ) (m'/ve) (v) (v) (pa) (rj)

Bulk =N0S 0.65 5 lO" 453/212 0.7/-0.5 5 460 > 100

801/CN08 0.8 0.5 luO 600/280 0.41-0.4 5 93 > 50
SDB/ODCFM 0.5 0. 03 1079/369 0.3/-0.3 1 5.5 3.96

Where Ls channel length; da thickness of 3i layer; Ids doping concentration of
active region; u~pa nobility of n channel & p chan el devio; Vtn&Vtps thre-
shold voltage of r channel & p channel deviOe; Vda supply voltagel Ts delay time
pa gate of ring osillator; Ra switching energy.

p-n junction at source and drain, small indicate that SDB/CBCFT is a potential
channel depletion charge due to low ohan- oandidate for very high performance VLSI

nal doping and thin 801 layer contribute digital system.

to such less threshold voltage shift.
REPERBMCBS

4. CIRCUIT PIRPORNANIC (1) Li Hui, Tong Qin-Yiq etal., I1OS 87,

In order to show the important Ohara- 0.4.4.
oteristics of SDB/CBCMT device and air- (2) Michael P.Braasington, at al., IEEE

Trans. Electron Device, vol. RD-32,
cuAts, we have designed a ring osillator p1858#1979.

oemposed of SDB/CBCMT device, optimised (3) Theodore I. Kamins'at al., IZER

design parameters and evaluated ring oi- Trans. Electron Device Letters,

llator performance (see Table 1). The re- vol. DL-6, p617, 1985.

suits indicate that the SDB/CBCFBT is su- ( A.J.Aubertons at al., I1D( 84, 34.5.

perior to bulk COS (3) and 801/COS (4)

in speed, switching energy and power dis-

sipation as device size advances into

submicron dimension.

5. CONCLUSION

A now high performance complementary
buried channel device isolated by high

quality 8102 layer using 8DB technology
has been presented. The charateristics

of the device and performance of the air-

cults have been evaluated. Following

results are obtainoda 1) simple process

sequences, high carrier mobility and

emall interface charge density of 801
layer by SD technology, 2) mall thre-

shold voltage shift for both A channel

and p ehannel device. 3) high speed, low

power, high reliability and complelity
of this eemplemetary device. 5te results
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C2.2.1

COMPARISON OF LONG- AND SHORT-CHANNEL
MOSFET'S CARRIED OUT BY 3D-MINIMOS

M. Thurner, S. Selberherr I
Institut fur Allgemeine Elektrotechnik und Elektronik
Technische Universitit Wien
Gusshausstrae 27-29, A-1040 Wien, AUSTRIA

An accurate three-dimensional simulation program for MOSFET devices has been de-
veloped by extending MINIMOS (vers. 4) in 3D. The physical model is based on the 'hot-
electron-transport model', which includes the Poisson equation, the continuity equations
and a selfconsistent set of equations for the currents, mobilities and carrier temperatures.
The standard finite difference discretization and the SOR (successive over relaxation)
method are utilized to reduce computational time and memory requirements. Adaptive
grid refinement is used to equidistribute the discretization errors. Three-dimensional
effects like threshold shift for small channel devices, channel narrowing and the accumu-
lation of carriers at the channel edge have been successfully modeled. Our comparison of
several MOSFET's make clear that three-dimensional calculations are most important
for accurate device modeling.

I Introduction the mathematics on which the simulations are based.
ToThe results of our simulations carried out by

J The shrinking dimensions of the elements of IC's 3D MINIMOS are reported in Chapter 3 and will be
require for accurate simulation suitable device models discussed there, too. We shall show that the three-in physics and mathematics. The two-dimensional de-' dimensional simulations are indispensable for the ad-

vice simulations performed in earlier times described vance from VLSI- to ULSI technology.

the electrical characteristics for large transistors well
but the advanced VLSI technology led to serious prob-

lems in modeling such devices and therefore a great 2 The Physical Model and the
demand appeared for 3D simulations. Mathematical Algorithms for

The three-dimensional effects in MOSFETs like the the Three-Dimensional Sim-
increasing threshold voltage and the shift of the break- ulation
down voltage caused by the finite channel width are
not taken into account by the two-dimensional simu- The physical model for the simulation program is

lations [I; the 2D programs are meanwhile state of the given by the Poisson and the continuity equations and
art. Accurate investigations of the previously stated the drift-diffusions model for the carrier current den-
effects and the knowledge of increased current densities sities.
under certain bias conditions at the channel edge are die grad 2= -(n - p - C) (1)

important not only for studying the electrical device

characteristics but also for aging effects 121-131. There- div Jn qR (2)

fore we have extended the two-dimensional MINIMOS div Jp = -qR (3)
to a three-dimensional simulation program. A realistic

physical model and suitable mathematical algorithms
have been developed to simulate the previously stated Jp -q9p(p grad 0 + grad (Ut,,p)) (5)
threeimensional effects.

We shall report in Chapter 2 about the physics and The Poisson equation (1) will always be solved fully
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(three-dimenalonally; the continuity equations (2) and 1(+l) -w). zin) + w(b 1 -

(3) at the first level of sophistication are solved two- (_n+l) _(n+1)
dimensionally in the middle of the channel width. The - i 1 - NX 8 -NX(n+l)
carrier distribution in the whole volume will be calcu- - ZiNXY *i-NXY (8)
lated by the assumption of negligible current flow in z NX )Ni - E+I"a l Z,+NX "8"+NX-
the third direction Jn. = Jp. = 0. Assuming the va- _ (n)
lidity of Boltzmann statistics the previous statement - +NXY

is equal to constant quasi Fermi levels in the direction in which i = 1...NX • NY • NZ ( NX points in

of the channel width x-direction, NY points in y-direction and NZ points

in z-direction).
8* 8* 0 The advantage of this method is given by the small

amount of memory requirement, precondition work
So we can write and relatively fast convergency,as well. Through an

1 e( ( , -n,,,)) (6) adaptive determination algorithm for the optimum re-
"P-- 2laxation factor w we use only a moderate amount of

1 CPU time 151. The system of the coupled nonlinear
Pz,g,z = Pz,, " cxi(+- "( e, - ) (7) difference equations are solved with Gummel's itera-

tive method.
The index ! denotes the middle of the channel width.

The second level of sophistication is obtained by as-

suming negligible current flow in the third dimension 3 The Numerical Results and
for the majorities and solving the continuity equation

for the minorities fully three-dimensionally.
The third level is the fully three-dimensional solu-

tion of the continuity equations for both the minorities With the previously given physical model a three-

and the majorities, dimensional MOSFET simulation program has been

For solving the previously specified set of equa- developed. We have investigated several MOSFETs

tions we apply for discretization the standard finite with this program, two of the investigated devices are

difference method. The grid generation will be per- presented in comparison and the results discussed.

formed by an automatic mesh refinement algorithm Both investigated devices are of the same geomet-

which equidistributes the discretization error. rical shape and dimensions (Fig. 1 and Fig. 2) except

The linearized equations are essentially solved with the channel lengths which are 514m and 1pm for of

an iterative algorithm. In our case we apply the SOR device 1 and 2,respectively. The channel widths are

(successive Over relaxation ) method. The general 1im ,the gate oxide thickness 15nm, the substrate

iterative algorithm: doping 2.10 16cm- 3 and the source/drain doping 1.69"
1020cm- S. In Fig. 1 and Fig. 2 the field oxide which

B . z(n+1) = (B - A) - () + b limites the channel in the third dimension, can be seen
at the backside of the MOS model. The contacts of

is solved with the matrix B = (I.D-L). D is the diag- athebcsdofheM Sm elTecnatsf
source and drain which are left and right in the figures

onal part of A which is transformed to the unity matrix I and 2, extend over the channel width, whereas the 4
while L is the lover triangular part of A. With respect gaten over the channel andthe fiea oie

gate contact covers the channel and the field oxide.
to the special linearization method one unknown re- The shape of the field oxide in our case is approxi-

duces to: mated by a rectangular geometry.

The potential distribution at the bias condition

UDS = 2.OV, UBS = 0.OV and UG$ = 3.OV can be

seen in Fig. 3 and Fig. 4. The threshold voltages
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Fig.1: Perspective view of the three-dimensional MOS- Fig.2: Perspective view of the three-dimensional MOS-
FET structure with channel length of 5pm and FET structure with channel length of 1Mm and
channel width of 1Mmr. channel width of 1pm.

*1.0 *1.8

Fig.3: 3D-plot showing a detailed view of the surface Fig.4: 3D-plot showing a detailed view of the surface

potential at the channel edge along the channel potential at the channel edge along the channel

length for device I at bias UDs 2.OV, UBS length for device 2 at bias UDS 2.OV, UBS
0.01', UJS 3.01'. 0.0 V, UG 3.014.

UF

SA

Fig.S: 3D-plot showing a detailed view of the minority Fig.6: 3D-plot showing a detailed view of the minority
density at the channel edge along the channel density at the channel edge along the channel
length for device 1 at bias UDS . 2.OV, IJBS length for device 2 at bias UDS =2.01', UBS

0.01'. U0 8  3.OV. 0.01', U( = 3.OV.
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(Fig. 5 and Fig. 6), show a very interesting effect. The 0-471-09837-X, John Wiley & sons, 1981

carrier densities in the short channel MOSFET (device 121 S.M. Sae, VLSI-Technology, ISBN 0-07-062686-3,
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ties at the channel edge at the given bias condition is 131 T. Iizuka,K.Y. Chiu, and J.L. Moll, Double thresh-
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tion methods, SIAM J.NUMER.ANAL., pp 852-

lations. These effects increase with shrinking device
873, vol. 17 No. 6, Dec 1980
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their electrical characteristics. Especially we expect 2A - A fortran implementation of adaptive acceler-
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C2.2.2

THREE-DIMENSIONAL SIMULATION OF A NARROW-WIDTH MOSFET

P. Ciampolini, A. Gnudi, R. Guerrieri, M. Rudan and G. Baccarani

Dipartimento di Elettronica, UniversitA di Bologna
viale Risorgimento 2, 40136 Bologna, Italy

Abstract

In this paper we illustrate the main features of a general-purpose three-dimensional device-
analysis program, HFIELDS-3D, developed at the University of Bologna in the context
of an EEC-supported ESPRIT Project. The program employs triangular-based prismatic
elements, which provide a reasonable compromise between simplicity and flexibility, but it
is not otherwise limited to any specific device structure. In the present implementation, the
program handles Poisson and one-carrier continuity equation, which allows for the simulation
of unipolar devices. As an example, a typical 3-D problem, the narrow-width effect, is
investigated using a realistic device structure fully accounting for the typical bird's beak.
It is shown that not only the threshold voltage, but also the gain factor, and therefore the
device transcoanductance, are affected by the narrow-width effect.

1. Introduction of the present project, and provides some details on the

Numerical simulation of semiconductor devices in software implementation of the program. Numerical

two dimensions is nowadays a well-established tech- results are illustrated in section 3 and conclusions are

mnque for the design of advanced electronic components drawn in section 4.

and processes. As device miniaturization progresses to-
ward submicron feature sizes, however, 3-D effects are 2. Features of the program
getting more and more important even for nominally- HFIELDS-3D allows up to ten semiconductor and
standard planar devices, thus making two-dimensional insulator regions, which can be either simply or multi-
simulation codes inadequate for predicting device per- ply connected. An equal number of insulator-semicon-
formance. In addition, increasingly complex device ge- ductor interfaces, ohmic contacts, gates and floatingA ometries are being devised, such as the buried-electrode gates are allowed. Thus, rather complex device struc-
dynamic RAM cell, currently used in high-capacity tures can be accommodated by the program.
memory devices, the floating-gate EPROM cell, and As already anticipated, HFIELDS-3D employs a
the 12L NOR gate, which are inherently three dimen- triangular-based prismatic-element mesh which, in the
sional. All the above devices can only be simulated by authors' opinion, is flexible enough from the geomet-
means of 3-D device-analysis programs. rical standpoint for most practical applications, while

Most of the activity reported so far in this field has still having a number of implementation advantages
been performed in Japan 11-31 and, to a lesser extent, over tetrahedral meshes:
in the United States 14). In this paper we illustrate the The problem of properly defining the control vol-
main features of a general-purpose three-dimensional umes associated with the nodes of general tetra-
code, HFIELDS-3D, developed at the University of hedra is still largely unsolved or, at least, insuffi-
Bologna in the context of an EEC-supported ESPRIT ciently tested. As a result, some ripple could be
Project, and show how such a code can be profitably expected in the resulting solution.
used to investigate a classical three-dimensional prob- * The problem of generating tetrahedral meshes in
lem, i.e. the narrow-width effect in MOSFET's. three dimensions which take real advantage of the

The program employs triangular-based prismatic potential flexibility of these elements (i.e. without
elements, which allow for a reasonable compromise be- converting prisms into tetrahedra) is a very hard
tween geometrical flexibility and simplicity of imple- task. On the other hand, generating a prismatic-
mentation, but it is by no means restricted to any ape- element mesh can be easily accomplished by aim-
cific device structure. In the present stage of develop- ply replicating a triangular mesh in the third di-
ment, only Poisson and one carrier-continuity equation mension. It should be noticed that the above pro-
are solved, thus making the program suitable for the cedure does not imply a geometrical uniformity of
simulation of unipolar devices, the simulated device in the third dimension, but

The next section discusses the fundamental choices it requires step-like changes.
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In its present implementation the program han- rium potential in the plane normal to the X-axis, I*-

dles Poisson and one carrier continuity equation (elec- cated at the field-oxide silicon interface. The two upper
trons), which are solved using the Gummel 151 suc- "plateau" represent the source and drain regions, and
cetsive proccoure. The adopted dicretization scheme the channel appears as a saddle between them. Figure
in the well-known "box integration method", whereby 3 shows instead the electric potential in the parallel
each node is allocated a control volume which, in our plane located at the gate-oxide silicon interface. The
cse, i still a prism. Poisson's equation is di upretioed ridge at the periphery of the channel is due to the pen-
aruming a piecewise linear approximation for the elec- etration of th e cross section into the oxide and
tric potential along the mesh lines, and a three-dimen- not to an actual increase of the electric potential at
sional generalization of the Sharfetter-Gummel scheme the Si-SiO2 interface. Rather, the fringing field arising
r6 is used to dicretie the current-continuity equa- from the field-oxide penetrates in the channel region,
tiona. The discretization procedure of Poisson's equa- causing a decrease of the electric potential at its edges
ton leads to a set of N non-linear algebraic equations, and thus reducing the effective inv rion layer width.
while the corrent-continuity equation leads to a linear Consequently, when applying a drain-source voltage, a
system (if the dependence of the carrier mobility upon corresponding decrease in the corrent flowing along the

carrier concentration is neglected). channel is to be found.
For the solution of the linear system, we employ In order to highlight this effect, some comparisons

the ICCG method for Poisson's equation, and a di- with 2D results have been made: a corresponding pla-
rect solver for the current-continuity equation. Parallel na t device has been simulated neglecting the field ox-
techniques are currently being investigated for a sub- ide and the bird's beak, and assuming equal channel

sequent vector-processor implementation of the code. widths. Figure 4 shows the simulated turn-on charac-
orsteristics of the 2-D and 3-D MOSFET's for three differ-

3 8. The narrow-width MOSFET ent values of the channel width, namely W = 0.4 um,

t tSeveral authors [7,8] have published experimen- W = 1.2 sm and W = 2.8An, respectively. The drain-

tal and/or theoretical results on narrow-width MOS- sourc o t e . i e simulations. The

WFET. From the above papers, one can infer that the figure shows that the 2-D MOSFET systematically pro-

most important narrow-width effect is an increase of wich cr the te Te snbthedthe hrehol volageas he cannl wdth ecoes e increases as the gate voltage i6 increased. Thus,
' t~ ~ nr th e resodvlaea h hne it eoe both threshold voltage and gain factor are affected by

narWerv iuae h lctia rpriso the narrow-width effect. Figure 5 shows the corre-

narrw-wdthMOSET avig a ixe, nminl can- sponding turn-on characteristics with VDS = 3.0 V,
nelrolength OFE =h.,m an a xd nominal chan- which confirm the above statement. The subthreshold
nel length L - 1.0 pm and a nominal channel width W behaviour of the turn-on characteristics is better illus-ranging from 0.4 pm to 2.8pmn. The mesh of one of the trated in figure 6. For the 0.4 pmn-width device, over
above devices is shown in fig. 1: due to the simmetry one order of magnitude difference between the 2-D and

of the structure, only half of the device is actually con- 3-D models is observed.

sidered. The "bird's beak" at the transition between
the channel and the field regions is carefully described A comprehensive view of the IDIW dependenceon the front plane in order to take full advantage of upon gate voltage and channel width is given in fig-ures 7 and 8, where a perspective plot of a 2-D sur-the flexibility of the triangular mesh; so doing, current face in the 3-D space is shown. These plots emphasize
flow occurs mainly in the third direction, i.e. normal the transconductance degradation and the change in
to the front plane. threshold voltage which occur for small values of the

The 2-D mesh is replicated in the third dimension, channel width.
where 19 planes are accommodated, with slight mod-
ifications which account for the structural changes of 4. Conclusions
the MOSFET (transitions between the source-gate and
gate-drain regions). The whole mesh comprises 2,565 In this paper we have illustrated the main features
nodes and 4,158 prisms, of a general-purpose three-dimensional device-analysis

The impurity concentration is input via analytical program, HFIELDS-3D, developed at the University
expressions reasonably accounting for source and drain of Bologna in the context of an EEC-supported ES-
diffusons, channel implant and channel-stop diffusion. PRIT Project. Care has been taken to ensure versatil-
The channel implant was designed to give a threshold ity and geometrical flexibility of the code, which allows
voltage VT = 0.7 V. for a wide variety of realistic device structures. At the

All simulations were carried out on a MicroVAX- present stage of development, the program solves only
GPX vwwek station, and the average CPU time required Poisson's and one carrier-continuity equation, which
was about 1.5 hours per bias point. makes it suitable for the simulation of unipolar de-

* Figure 2 shows a perspective plot of the equilib- vices, but Its extension to both carrier-continuity equa-
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tions in forsen in the near future. The program has
been shwn to perform satisfactorfly in the investi-
gation of the narrow-width effect In MOSFET's, but
much work in stMl to be done In order to optimize its
numerical efficiency. To th" purpose, the authors are
currently invstigating more efficient algorithms for a-
Vector-proomor wversion of the code. In order to handle
the huge mb~er of equations inherent in 3-1) problem ihmin a reasonable time, the use of vector processors or
parallel architectures is manidatory.
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C2.2.3

2-D AND 3-D CAPACITANCE EFFECTS IN MOS VLSI

J.H.M.M. Quint, F.M. Klaassen, R. Petterson

Philips Research Laboratories
P.O.Box 80000, 5600 JA Eindhoven, The Netherlands

ABSTRACT
Spreading capacitances of several MOS VLSI configurations have been calculated numerically

by solving Poisson's equation in 2 or 3 dimensions. Owing to nonuniform charge distributions, con-
tributions from sidewalls and topsurfaces, and shielding effects, considerable deviations from
scarce analytic formula have been found. Successively considered are the cases: 3 parallel conduc-
tors at equal height from the substrate, 2 parallel conductors at different level from the substrate,
gate-drain configuration of different MOSFETs, and two conductors or four conductors crossing
above a substrate.

1. Introduction

Since bias voltage constraints and electromigration ef- substrate and the thickness (7) of conductors are no longer
fects prevent to scale down properly the dimensions of the small compared to ther width (K) and mutual distance
interconnection system, in submicron VLSI additional (S). This is shown in fig. 1, where all possible
capacitance effects become more and more important. Not capacitances of 3 conductors parallel to each other and to
only do charges at the sidewalls and top surfaces of the the substrate are given as a function of the distance S (with
conductors lead to a larger capacitance to substrate or to T = W = I um). Lateral field distributions underlying the
interline capacitance. but nonuniform charge distribution above 2-D results are given in fig. 2 (with the location
and shielding effects cause the capacitance to deviate con- indicated in the inset of fig. 1). While the normal field
siderably from the I -D value, remains rather uniform under the central conductor owing

Although analytic capacitance expressions based on
conformal mapping have been given to correct for several
of the above effects 11,2,31, it is questionable whether ---H = 2.50um
these results are generally useful. Not only are the results E 7F 9
limited owing to several assumptions used, but in practical 0.20
layouts configurations soon become too complicated to W

it  
a

use conformal mapping. Since an empirical investigation E a
is costly and sometimes even impossible, the capacitances C
from a number of elementary interconnect configurations
have been calculated numerically by making use of the -----
device simulator TRIPOS 141, which solves Poisson's
equation in two and three dimensions. Where possible, the 0.10
results have been compared to analytic results. Further- .EF

more the observed trends are discussed from a physical
point of view. 0.05 ------

2. Capacitances between 3 parallel conductors and the C.,

substrate 1 1.4 1.8 2.2 2.6
S(pim)

Owing to 2-D and 3-D charge distribution effects, the
capacitance per unit length deviates from the conventional Figure 1. Capacitances vs. mutual distance for conductor
1-) formula C = e,,,WIH, when the distance (H) to configuration given in rhe inset.
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to shielding by the surrounding conductors, the lateral 3. Capadiances between two conductors at different
field is very nonuniform. Starting from nearly zero value level
along the symmetry line (1), the above field peaks to a
high value at the edge (2) of the central conductor due to When two conductors are parallel, but located at dif-
charge crowding at the corners of the conductor (at which ferent levels compared to the substrate, their partial
upto 30% of the total charge may be accumulated). overlap has a specific effect on all possible capacitance

values. This is shown in fig. 4, which gives the
capacitances as a function of the overlap distance S as

Si Al (for 1) defined in the inset. Owing to shielding of field lines
originating from the top surface of conductor L, the

E capacitance to substrate C. at complete overlap (S = 0)
> is lower than the value in the absence of conductor T,

-0 and even slightly decreases at small partial overlap
4-

(S < 0.3 pm). Only whep the overlap approaches zero
S(S > 1.0 pam) this capacitance increases with S. Because

of differences in the shielding of field lines originating
12 from the bottom and sidewalls of conductor T, for the

1 3 capacitance CT the same qualitative behaviour is observ-

01' ed. However, owing to the fact that at S = 0 the bottom
1 2 3 4 5 surface of T has been shielded effectively, the relative ef-

- Y(Pm) fects are smaller. Furthermore, while at complete overlap
the interline capacitance CTL varies strongly with the step

figure 2. Lateralfield along several normal directions for height (HT - HL), for larger values of S the above
configuration of fig. 1. capacitance becomes completely determined by fringing

effects and therefore hardly varies.g Owing to shielding effects of field lines originating
from the sidewalls and top surfaces the capacitance to - T 2.61mi

substrate of the central conductor (Cp = AQB/A VF) is ,HL I..."

lower than that of the left conductor and for smaller values[ HI - 10-

of the distance S the difference becomes larger. At the 1.1 -- 0
T8

same time the interline capacitance (Cpa = ~1A Vp) in-
creases with decreasing S and at a higher rate, than the .9 .
others decrease. As shown in fig. 3 the total capacitance - ....
of the middle conductor CT = CFB + 2CFE increases with .
decreasing S. In the same figure also a semi-empirical ap- 0.7 \
proximation [31 is given. Although the deviation with
TRIPOS remains within 10%, the deviation for the
various parts of CT is larger. 0.5

0.3-"" " "

2.6 CTL
;L ...r --TRqP08 0.1.

-- ANALYT

2.2-

0.0 0.4 1.2 2.0 2.8 3.6

. , lFigure 4. Capacitances vs. mutual distance for configura-

14 tion given as inset (thickness of L = .6 pm).

0. M2. W, 4. Gate-drain capacitance of a MOSFET

Below threshold voltage the gate-drain capacitance
(Coo = AQo/AVn) is larger than expected from the
physical overlap owing to fringing effects between the

Figure 3. Total capacitance of central conductor offig. 1. poly silicon gate sidewall and the drain topsurface, and
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Ii

between the drain-channel edge and the gate lowe? surface fringing effect in deep accumulation is not taken into
(compare the inset of fig. 5). For the conventional account.
MOSFET an analytic expression for the above capacitance

5. Capacitance of two crossing condoctors

When a second conductor crosses a first one at dif-
I D 1ferent height from the substrate (inset of fig. 6) the field

P I v ' and the resulting charges havt to be calculated uiing a full
I # "-1 0 1V 3-D solution of the Laplace equation [61. Fig. 6 gives the

A............... three possible capacitance values as a function of distance
between both conductors. The upper conductor T and the

• ' / lower conductor S have a thickness of 1.1 im and 0.6 #m
cony. Boeooeoo respectively, a width of I pm and a length of 20 pm.

,/,/ Of course the most pronounced effects are found in

the interline capacitance CTs. Not only is the value owing
=. to 3-D charge contributions almost an order higher than

the I-D capacitance value, but the presence of the
substrate causes that the above value is still smaller than

7.0 -5.0 -3.0 -1.0 . .0 the pure interline capacitance value C'Ts (substrate
VasCV) removed). In addition the contributions from sidewalls

and top/bottom areas cause the capacitance CTs to vary
FigureS. Gate-drain fringing capacitance of conventional sublinearly with H-'. Shielding effects are the main
and LDD MOSFET (lines (A, B) are analytic results), reason for CsB to increase slightly with increasing H.

has been given [5], but the validity of this approach is
questionable for an LDD-MOSFET with its refined

: f gradual drain junction profile. For both devices the
numerically calculated value of COD is given in fig. 5 as 2.4
a function of the gate voltage at two different values of the .6 .. .
drain voltage. The devices considered are n-channel type 2.0
with a poly silicon gate (width 0.7 pm, thickness 0.3 um) L B

on a 17 nm thin insulator. For the conventional MOSFET
the 0.25 um drain junction has a physical overlap with the 1.6
gate of 0. 17 1m. Using process modelling data the lightly
doped drain of the LDD-type is assumed to overlap the
gn

Decreasing VG from zero Volt (off-state) causes the

building-up of an accumulation charge starting from the 0.8- CTs
centre of the channel region. This growing accumulation
charge gradually reduces the inner fringing capacitance
between gate and drain edge. In the sub-threshold region 0.4
COD increases with VG owing to the gradual formation of CTS

a channel starting from the drain. This generally increases
the I-D overlap. At threshold voltage the capacitance - l~4m)
saturates with Vo, since the channel is present every-
where. However, due to channel pinch-off occuring at
VD = 1 Volt CGD remains lower than the value at FIgure 6. Capacitances vs. distance for two crossing con-
VD = 0. Owing to the smaller I-D overlap and partial ductors above a substrate (L = 1 pm).
depletion of the lightly doped drain region (in particular
at VD = I Volt) the capacitance of the LDD MOSFET is
considerably smaller in the accumulation and subthreshold 6. Capacitances of four conductors
region.

Also shown in fig. 5 is an analytic result [5]. Only for As an extension to the previous case a configuration
the conventional device at VG = 0 this result fairly agrees of four conductors is considered, which are crossing
with the numerical value. However the reduction of the mutually and are located at two different levels above the
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substrate (compare the inset of fig. 7). Naturally the same fig. 6 this decrease is only a sublinear function of the
3-D effects occur as in the previous case, but owing to the thickness.

1.2-0.

t.0.- .4'

o. . .. '. .
0.4.0.3 C2.1

o.4 . . . .C 33

0.2

. . .. ......... . C31

0.2 ~ -. 0.10.0 0.0

0.0 1 .0 2.0 i.0 0. 0.0 .s 0 1.0 ;.5 2o.0 2.A 3.0
D34 (,im) D13 (Am)

Figwe 7. Capacitances between four conductors (see Fgure 8. Capacitances vs. insulator thickness
inset) vs. distance of upper conductors (d,2 = dj4 = 2 pm, d,, = 1 p~m).
(d 3 = djB = I m, d12 = 2 pm).

Conclusions
more complicated situation the calculation is more deman-
ding for the simulator. In spite of making use of symmetry When comparing the results to the limited number of
rules the number of grid points required amounts 30.000. analytic expressions (case I and 3), already strong devia-

In fig. 7 several capacitances to bulk and interline tions are observed. All trends or effects observed in the

capacitances have been plotted as a function of the figures can be explained from a physical point of view. A
distance between the two upper conductors. Except the change of interconnect dimensions or mutual distances has
capacitance C34 the variation of the other capacitors is much larger effect than the thickness of dielectric layers.
dominated by shielding effects. Cal and C2, decrease For I p m wide conductors 2-D capacitance values may
slightly with increasing distance d34 owing to the fact that exceed the I-D value by a factor of 5, and in 3-D cases
in this case the upper conductors have a more effective by a factor of 9. Estimating 2-D capacitance values by
shielding on the lower conductors. On the other hand with reducing surface charge integrals to line integrals or 3-D
increasing distance d34, conductor 4 causes less shielding capacitance values as a summation of 2-D cases is too

of field lines originating from conductor 3. Therefore C31 inaccurate.
increases with in creasing d34. Although the lower con-
ductors and the substrate have a shielding effect on C34,

this capacitance still varies with d4".  References
Finally in fig. 8 the insulator thickness d13 between

the upper and lower conductors has been varied. Owing [1] M. Elmasry, IEEE EDL-3, 1 (Jan. 1982).

to a reduction of shielding effects the interline (2] T. Sakurai et al., IEEE ED-30, 2 (Febr. 1983).
capacitances between conductors at the same level in- (3) E.W. Greeneich, IEEE ED-30, 12 (Dec. 1983).
crease considerably with an increase of d13. Naturally the [41 DJ. Coe et al., Philips proprietary 3-D device
capacitances between conductors at different levels simulator.
decrease at the same time, but similar to the case of [51 R. Shrivastava, IEEE EDL-6, 3 (March 1985).

[61 P.E. Cottiell et al., IBM J. R/D-29, 3 (May 1985).
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P2.1.1

IMPLANTATION and DIFFUSION MODELLING
of BORON in SILICON

An De Keersgieter, Luc Dupas, Kristin De Meyer'
IMEC, Kapeldreef 75, B-3030 Leuven, Heverlee, Belgium

Abstract
The accurate simulation of implanted and diffused impurity profiles in silicon is extremely

important when developing VLSI processes. In this work simulations with different process
simulators and the corresponding experimental results for implantation and diffusion in N,
ambient of boron in silicon are compared. Our study reports a remarkable dose dependence of
the shape of the experimental profiles. Strategies have been developed to increase the simulation
accuracy.

1 INTRODUCTION .8]. - \-\*C. *W.. .E,4.-2
.H12 Qwv.I 9 C. n6 .1n

The simulators used in this study are: SUPREMII.5[f1, .

SUPREM32,, ICECREM[3 and PREDICT[4]. The substrates IE-10-.

used were 9-13 flcm phosphorus-doped -type (100) silicon I

wafers. A 400 l thick thermal oxide was grown in dry oxy- '.2

gen at 1000'C. Then 60 keV, "B + implants with doses rang-

ing from 1012 cm- 2 to 10-'cm- 2 were performed with wafers

tilted T' to suppress channeln. The alSling teeraWtures s
,+and tim es were : go, 1000 1100 'C and 30, 300, 1200 m in. . . 2 5u. GE- 91 L .K -63 L 5. " X ( -, I

Comparing the experimental implantation/diffusion profiles a

and simulations (using default model parameters) no satisfac-

tory agreement is achieved. it is found that for long, high

temperature anneal steps simulations and experiments coincide 1 N2 A U

far much better than for low temperature, short time anneal-

ing conditions (Figure 1). In the latter case the actual shape

of the implantation (starting) profile has a pronounced influ- .8.16

ence on the final diffion profile. This is illustated in Figure 2

for profiles simulated with ICECREM. For a 30 min anneal at I'K- L4 13 9
2 1UPl~

100('C we still see a tail in the profile which is originating £ 2.-) U2 tCP2
i ' 43 I

Er

from a strong implantation channeling model. After 300 men _ __.________._

of annealing the shape of the profile has completely changed. I 26m J 22626 W tumi

So, the exact modelling of the implantation profile is not only b)

neesary for improving the accuracy of the final diffused pro- FIGURE 1 :

files, but it is also very important for a better understanding lI Comparison between simulations and experiments
and comparison of the diffusion mechanisms. Also modelling a) for low temperature :900C, 30 min

of rapid thermal annealing has a need for precise implantation b) for high temperature 1100'C, 30 min

start profiles.

*Profeor of the Katholieke Universiteit, Leuven, Research Associate of the Belgian National
Found for SciMtif Research.
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- In crystalline silicon channeling occurs and the profile is no
.W.8 1.8... sw ag in . lone symmetrical. Then at least one has to account for the

. E i 'Ijj fj by using a frequency function which consists of two

*"half Gaussian distributions. If also the p e s is needed

to describe the asymmetry, the PearsQnlV distribution is used.

This distribution is given by 5 :

I OE-1,4 Cie) = Doe x f(m)

J\ auptnd1.'dndruL~f Ind

OAK . sa*.. 5 -1- I .K. I ., X I.W,.3 f(w) = K[-(b+by+by) - l

Sbi/b, + a

FIGURE 2:
X rta bV + b,

IECREM default profiles: r ' 4 -

as implanted profile : B, 60keV, 101- cm- (400 A oxide)
same profie after Nanneal, 1000C, 30 min a. b., b,, ba are functions of o, -,/

same profile after Nanneal, 1000°C, 300 min In this study we concentrate on boron implantations in crys-

taline silicon, unannealed or annealed in N. atmosphere. As all

2 DEFAULT IMPLANTATION MODELLING experimenta as-implanted profiles (measured by SIMS) show a

certain amount of channeling (even with a 400 A thick implant

Most process simulators use analytical formulas for mod- oxide and 7 tilt) PearsonlV, modified PearsonlV and modified

elling the implanted profiles. Here different models and also Gaussian models are used (column 4 of Table 1). Using the

dilferent default parameter values are found when comparing default implantion models and parameters none of the process
the available programs. Most frequently used are the Gauss simulators gives a satisfactory agreement with the experimen-
model (non-channeled profiles), or Gauss-related, PearsonlV tal as-implanted profiles over a wide range of doses (Figure 3).

and PearsonlV-related (profiles with channeling tail) models. SUPREMII.5 and ICECREM show the same tendencies. In both

The model chosen depends on the specified impurity, on the cases the tail extends beyond the extrapolated tail from the

type of target, on the thickness of the implant oxide and also SIMS measurement for doses of xo'5 cm- and higher. For

-on the simulator used (Table 1). 1o
3 and 1o

4 cm-' simulations and experiments agree con-

siderably well and for the lowest dose (io" cm - 2) simulations
SUPREM11.5 Gauss PearsonlV + exp.tail seem to underestimate channeling. PREDICT is the only simu-
CUPREM Gauslator which accounts for a dose dependency for channeling, but

ICECREM Gauss PearsonlV

the modelling is done in a empirical and discontinuous way.
PREDICT Gauss + exp. tail SUPREM3(version 3C) does not model channeling at all. Also

remarkable is that literature about SUPREM3 always mentions
Tale 1: Different process simulators and their models for im- a PearsonlV model while the default implantation parameters

plantation of boron in crystalline silicon satisfy the conditions for a Pearsonl distribution.

The G s model Our study thus revealed a remarkable dose dependence of

- the shape of the experimental profiles (especially in the chan-
Qz) = ep W2neling tail region) which is completely neglected by the avail-= 72 kable simulators (except to some extend for PREDICT). So it

- Dom X f() , f ) : fequ uncpfunction is obvious that the default implantation parameters cannot be

Sive a symmetrical profile which can only be used for non- used when simulating the actual implanted profiles and as such

channeled implantation profiles (e.g. in amorphous silicon), will also provide a non-optimal starting profile for the study of

a, is the range of the pofil and cr is the standard deviation, subsequent diffusion steps.
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SIMS-data. The origin of the x-axis is at the Si/SiO, interface.

3 NON DEFAULT IMPLANTATION PROFILES
A K-~22 ~g. ..

In our work we used the PearsonlV model (used in ICE- -

CREM) for extracting accurate model parameters from the ex- 1. K62.2

pernmental SIMS profiles using the SIMPARI5] package. This

parameter extraction program has originally been developed for 19 N.s

determining the parameters used in the I-V relations of transis- -

tors, but it is also possible to built in any user defined model. 16.85

Very good PearsonlV fittings for the experimental implan-

tation. results are obtained (Figure 4). The strong channeling I ____E___41__________ I

effect at highe doses has disappeared, but still some tailing de- 0. 2094M

pending on the do~se, can be observed. This fitting procedures

heamesall distribution paramneters (A,,,,-y, 0) free. This is of FIGURE 4:

course not very practial for process simulation, but the result- SIM PAR (PearnonlV) fitting results for implantation

ing sets of parameters do othibit a dose dependence which can

be quite easily descrd. To model this dependence in a phys-
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FIGURE 5: -203xx35

Dose dependent implanitation parameters: a vs dose. - vs dose. 03 vs dose
The circles represent extracted values.

ia npracti ca a.a sc n fitn pr ed eis efo m d peakedness j3 are approaching to Gaussian values (y =o, 3Id e f er o s m re a ag

where Jr. is kept fixed at a mean value corresponding to the 3) as the dose increases. This means the higher the dose the

of te imlanatio dos. Tis aproch i genraly aceptd. i creted whih reuce theproabi channeling.eing

This explains also the variation of the position of the maxi-
mum = fi,+a.with a afunction of -fand P. The results for 4 DIFFUSION PROFILES
a 6OlueV boron implantation through 400 A oxide are given by:

Finally starting from the proper implantation profile, dif-f ~ Cte* ferent diffusion models can be compared. All diffusion pro-
I =' -2.g913o-31nidose) + 0.17 files were measured by spreading resistance profiling (SRP). In

= - -o.ogoln(dose) + 3.40 general we now get a much better agreemeant with the experi-
==2.01311' + 3.52 mental results, also for the low temperature, short timre anneal

The extracted parameters and the resulting relationuships are conditions. Indeed,. the strong channeling tail, which could be
shown in Figure 5. ANl non-constant parameters are decreasing observe for defaul simulations and is not at all occuring in
with increasing implantation dose. The skewness -y and the the expeimiental profiles, is eliminated (Figure 6, Figure 7)
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FIGURE 6: FIGURE 7:

ICECREM default profiles vs experimental SRP profile : ICECREM non-default profiles vs experimental SRP profile
1 ICECREM implantation B, 60keV, 101!cm-(400 A oxide) 1 ICECREM implantation B, 60keV, 10'4cm-2(400 A oxide)

tCECREM N~anneal, 900'C, 30 mi 2 ICECREM Nanneal, 900"C, 30 min
4 experimental annealed profile 3 experimental annealed profile
4

Simulations prove that due to the bevel angle used for SRP REFERENCES
the measured junction is 20% less deep than the real junction

in a non-beveled sample. This bevel-effect [7] is also respons- [1] D.A.Antoniadis, R.W.Dutton, IEEE Journal of Solid State
able for the kink observed in the SRP-profile. Circuits, vol SC14, No2, April 1979, p412

[2] C.P.Ho, J.D.Plummer, S.E.Hansen, R.W.Dutton, IEEE
A more profound basis for the study and improvement of Transactions On Electron Devices, vol ED-30, No.11,

November 1983, p1438
the diffusion model in the different simulators is established.
Also this approach provides a more physically realistic strategy [3] H.Ryssel, K.Haberger, K.Hoffmann, G.Prinke, R.Dumcke,

A.Sachs, IEEE Transactions On Electron Devices, vol ED-
for adapting the default model parameters in order to fine tune 27, No.8, August 1980, p1484

the simulated results towards the experimental results. (4] R.B.Fair, PREDICT, Microelectronics Center of North

It is made clear that it is very important to look carefully Carolina (MCNC)
at the existing programs and the implemented models in order [5] S.Selberherr, Analysis and Simulation of Semiconductor

to get reliable results. Indeed, apparently good results can be Devices (Springer-Verlag, Wien, 1984)

obtained for certain process steps or subsequent process steps, (6] W.Maes, K.M.De Meyer, L.Dupas, IEEE Transactions
but more critical conditions can cause a failure of the model, on CAD, vol.CAD-5, No.2, April 1986, pp.320

[7) J.Albers, Some Aspects of Spreading Resistance Analysis,
ACKNOWLEDGEMENTS in: Gupta,D.C. and Langer,P.H.(eds.), Emerging Semi-
The authors would like to thank the MAP/ARS group of IMEC conductor Technology, ASTM STP 960, (American So-

ciety for Testing and Materials, 1986)

for the SIMS and SRP data.
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P2.1.2

SHALLOW JUNCTIONS OF BORON IMPLANTED IN GE PREAMORPHIZED <100> SI WAFERS

A. La Ferla*, S. Cannavb° , G. Ferla ° , V. Raineri*, E. Rimini*

* Dipartimento di Fisica, Corso Italia 57-195129 Catania - Italy.

o SGS - Microelettronica S.p.A., Stradale Primosole 50, 195100 Catania

Italy.

p-type shallow junctions in silicon were obtained by preamorphization with

Ge+ ions, 20 KeV B+ implants at doses in the 5*1014 - 5*1015/cm 2 range,
and thermal annealing at 850 0C or 950 °C for 1/2 hr. The junction depth

was < 0.3 um in the preamorphized wafers and > 0.3 pm in the B-bare Si

implanted wafers. The leakage current density measured at a reverse bias

of 10 v was about 100 pA/cm 2 for both procedures. The leakage maps on the

5" wafer gave a density of short circuits of 0.6/cm 2 .

1. INTRODUCTION
The formation of shallow junctions of pre-amorphized Si layers with Ge+

by ion implantation is hampered by ions, subsequently implanted with B +

channeling effect and by the partial and then thermally annealed, in view of

electrical activation in the tail the relevance of the electrical

region of the implanted profile in response of shallow junctions for'

particular for B-type region [1]. device applications.

Preamorphization with different ions as

Si, Ge + , Sn + of a surface layer deeper 2.EXPERIMENTAL

than the active range of the p-n Silicon wafers, 5" n-type of 1.5 -

structure prevents channeling tails [2- 4.0 fl *cm resistivity, of <100>

3] and the use of rapid thermal orientation were preamorp ized with Ge

annealing [4] provides a quite complete ions - 150 KeV to a fluence of

dopant activation. 5*10l 4 /cm 2  Some wafers were

The use of Ge + ions to preamorphize subsequently implanted with 20 KeV of

the layer presents some advantages [5]. B+ to a fluence of 5*10l4 /cn 2 ( Rp =

The implantation can be performed at 670 A, DRp - 340 A ). The annealing was

room temperature, Ge has an infinite performed in a furnace under N 2 flow at

solid solubility in Si, its large temperatures of 850 0C and of 950 0C

covalent radio causes a biaxial for 1/2 hr.

compressive strain which can compensate The samples were analyzed by 2.0 MeV

the lattice strain that arises after 
4 He+ Rutherford backscattering in

subsequent high dose implantation and combination with channeling effect

annealing of impurities like B or P. technique. The depth profile of carrier

The Ge implantation is superior to the concentration and mobility was obtained

Si + implantation in achieving uniform by sheet resistence and Hall

amorphization and a regrown region of measurements in layer-by layer removal

high structural perfection results (6]. techrique by anodic oxidation. The

In the present work we report in electrical behaviour was determined by

* detail the electrical characterization the forward and reverse I-V

of pre-amorphized Si layers with Ge
+  characteristic and by the leakage maps.
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3. EXPERIMENTAL RESULTS
The thermal regrowth of T= 850eC

preamorphized Ge+ layers and E
subsequently implanted with 20 KeV B

+  1019 -

was investigated in the 500-600 0C z

temperature range. The initial
amorphous layer amounts to 160 nm. The A B+-.Si100>A
epitaxial regrowth rate of the a:+- B B"- Si c ,
amorphous layer is the same for Ge + and Z
self-ion Si+ implantation. The presence W1017
of B dopants at concentration of z
5*101 9/cm3 enhances the rate of about a 0

factor ten, in agreement with the data 0 1016

obtained [71 in self-ion implanted 0 0.1 0.2 0.3
layers. Our data support the use of Ge DEPTH (im)
instead of Si, in inducing an amorphous ...........
layer. After regrowth Ge atoms occupy E T=950C

substitutional lattice sites. U I0 9  2 - BSi )100,
The sheet resistance of samples z i* B*(SO)

implanted with 5*101
4 /cm 2 B in either _O

pre-amorphized or virgin <100> Si n- < 10" r
type substrates, and thermally annealed

at different temperatures for 30' is W1' 7  SUPREM<

shown in Fig. 1. z
O \U 0

10
THERMAL ANNEALING 0.... 0.2 03, ' 64 0.5

t=30' N2  DEPTH (jm)
1500 Fig. 2 - Carrier concentration profile

of 5*10 14 /cm 2 - 20 KeV B+ implanted

Get. B* into preamorphized (0) and bare (M)

Si wafers after thermal annealing for
1000- 30' at 850 0C ( a ) and 950 0 C ( b )

into preamorphized samples up to 900 °C
5 annealing temperature. This behaviour

is associated to the regrowth of o4-
8- - layers and then to the electrical

activation of the embedded B dopant at0 , I , I • i

600 800 1000 1200 temperatures well below those required
to anneal out point and extended

T("C) defects present in the B implanted

Fig. 1 - Sheet resistance versus samples [8]. The sheet resistance of

annealing temperatures for 5*1014 /cm2 - the layers amounts to 2500l /n in
20 KeY B implanted into Ge agreement with SUPREM simulation.

preamorphized (0) and bare Si (6) The doping and mobility profiles were
respectively. determined by etching off thin layers

of Si one after the other and bySheet resistence is higher in B measuring the sheet resistance and the

implanted samples than in B implanted Hall coefficient. The thin layers were
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removed by anodic oxidation and the Van after 850 *C and 950 0C annealings:
der Paw geometry was adopted for the Xj(85 0 *C) - 0.32 um and 0.2 pm in the
electrical measurements. The carrier bare and in the preamorphized Si,
concentration profiles obtained by this Xj(9500 C) - 0.35 - 0.4 pm and 0.28 -
procedure, are shown, in Fig. 2a and 2b 0.3 pm in the bare and in the
for 5*101 4 /cm 2 - 20 KeV B+ implanted preamorphized Si. The accuracy of the
into bare Si and into preamorphized method is about ± 0.05 um. The 950
-100> Si substrates after annealing at CC seems a good choice for the annealing

850 CC and 950 cC respectively. After temperature because at 850 0C a large
annealing at 850 *C the activated B+ amount of defects is still present and
dopant fluence amounts to 4.4*1014 /cm2  at higher temperature as 1000 °C for
in the preamorphized Si and to few seconds, a considerable diffusion
6.9*101 3/cm2 in the bare Si samples in of the dopant occurs.
agreement with the resistivity data The electrical behavior of the
reported in Fig. 1. The mobility is of formed p-n junctions was investigated
60 cm2/v*s and 80 cm2/v*s respective- by measuring the forward and the
ly. After annealing at 950 CC the reverse I-V characteristics and by the
measured profiles nearly coincide in leakage maps in diodes of 0.22 cm 2

the investigated range. The activated area. The reverse cheracteristics are
dose amounts to 4.4*101 4 /cm 2 in the shown in Fig. 3 for the adopted thermal
preamorphized and 4.3*10 1 4 /cm 2 in the procedures. No pregettering was adopted
bare Si respectively. The mobility is for the processed diodes. The annealing

60 cm2 /v*s for both. It must be pointed at 950 CC results in a quite reasonable
out that the minimum carrier electrical behavior. The leakage
concentration detectable with accuracy current density measured at a reverse
by this method is of about 5*0 17/cm2 , voltage of 10 v was about 100 pA/cm 2

i.e. at least two orders of magnitude for both procedures ( implantation in
higher than the substrate doping. The bare Si or in preamorphized Si). This
location of the junctions is then low value is very close to the
determined by the shape of the theoretical one and indicates that
concentration profiles at values lower defects and generation centres in the
than 1017 /cm3 . depleted p-n junction are practically

As an example the B+ profile cal- absent. The forward I-V characteristcs,
culated by SUPREM is reported, as full not shown, are fitted by an ideality
line, in Fig.2b. The tail is approxi- factor m -1.02 in the exponential
mated in the simulation by an exponen- factor.
tial decay, whose slope depends on The leakage current maps were also
several parameters, as orientation of measured in the processed 5" wafer at
the wafer with respect to the beam, a reverse bias of 15 v. A typical map
annealing temperature, etc. The first is reported in Fig. 4, together with
part of the simulated profile accounts the histogram of the distribution. The
quite well for the experimental data; density of short circuits amounts to
but the distribution in the tail cannot 0.6/cm2 . The wafer was processed in
be inferred by these measurements, and such a way that a central region of 2"
the location of the junction can be diameter was preamorphized with Ge and
only guessed. then all the wafer was implanted with

A staining technique has been 20 KeV B+. A direct comparison is then
adopted to measure the junction depth possible between preamorphized and as
and the following results were obtained implanted diodes.
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tion with Ge doesn't deteriorate with

0.9-. LEAKAGE CURRENT the residual defects the electrical

U S response.

a £eI 5 ACKNOWLEDGEMENTS
a0 50 *5C The authors wish to tank Dr. M. L.

13 a aw60 ,Plgn n Dr. G. F. Cerofolini of

oA* the SGS-Microelettronica S.p.A. -

0£: Agrate (MI), for an helpful discussion
of the electrical results.

Work supported in part by
I*I*IProgramma Na z io nal1e p er 1la

0 20 40 60 so) Microelettronica

V (V610
Fig. 3 - Reverse I-V characteristics of REFERENCES
0.22 cm 2 diodes implanted with 20 KeV [11 C. Hill, Nucl. Instr. Meth. Phys.
B- 5*1014 /cm2 . Res. B19/20, 345 (1987).

20.0 *I0IS T-W *C - -is V (21 C. Carter, W . Maszara, D . K.

<1,1M) - .2540 0A Sadana, G. A. Rozgonyi, J. Liu and J.
- 59361AWrm Appl. Phys. Lett. 44, 459

I O.0nA(1984).
15.U: 0. -A3 .C jeaan .A ogni

0. 3 .C jea n .A ogni

0.2nA - ~ Appl. Phys. Lett. 49, 1269 (1986).
0. nA

I B..:?i OA nA [4] G. K. Caller and T. E. Seidel,
I F. O.5fA Appl. Solid State Science-Suppi. 2c

100105n ~ i~i 0.SnAeditor D. Kahng, Academic Press N. Y.

1985 p. 2.
me" [51 D. K. Sadana, E. Myers, J. Liu, T.

Finstad and G. A. Rozgonyi, Mat. Res.
Mem Soc. Symp. Proc. 23, 303 (1984).

8 9 [6] S. Prussin, E. R. Weber, K. S.

ewun IJones, Nucl. Instr. Meth. Phys. Res.
0.0'.... .... B21, 496-502 (1987).

I I I[7] J. S. Williams in "Surface
0.0 1.0 2.0 3.0 4.0 5.0 Modification and Alloying" edited by J.

U" (LX 10OA) M. Poate, G. Foti and D. C. Jacobson,
Fig. 4 -Histogram and map of leakage Plenum Press, N. Y. 133 (1983).
current at - 15 v of diodes annealed at [8] W. K. Hofker, Philips Research
950*C - 30'; the two inches diameter Reports, Suppl. N. 8 (1975).
central region was preamorphized with
Ge+ implantation.

The leakage map and the distribution

Indicate that within the experimental
accuracy no significant difference

exists In the electrical behavior of

the diodes processed in the two ways.

This indicates that the preamorphiza-
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THE EFFECT OF HIGH PRESSURE STEAM OXIDATION ON PHOSPHORUS DIFFUSION IN SILLICON

WU BAI LU

Graduate School of Academia Sinica, China

ZHANG Al ZHEN

Beijing Institute of Semiconductor Devices, China

LI SHY LIN

National Institute of Metrology, China

XUE SHI YING

Academia Sinica, China

The effect of high pressure steam oxidation (g.5-18.7 atm.) on phosphorus extrinsic
diffusion in (lll)--and (100)--silicon at 700 -970 C has been examined by spreading
resistance probes and ellipsometery. It has been found that the OED and ORD appear
at the higher ajd the lower temperature, respectively. The OED-ORD transition point
is at about 880 C for 40' in 7.5 atm. for (111)-silicon. The difference in effective
diffusion coefficients between oxidation and non-oxidation regions (D) is proportionaln
to (xo/t) , the power figure n is related to the oxidation conditions. These results
can be explained satisfactorily by considerations which take into account oxidation

rate and concentration effect on phosphorus diffusion in silicon.

With the development of VLSI, the smaller performed with sp1 planar solid source at
device dimensions are needed. Therefore the 11400C for 8'. After that the surface phase

fine control of impurity profiles is more im- layers were removed with the dilute HF solu-

portant. The high pressure oxidation is an tion. Then the Si3N 4 films of 1000 A thick-

excellent oxidation process for VLSI. A preci- ness were deposited on the silicon surface

se understanding of the effect of this oxida- and subsequently were phttolithographically

tion on impurity redistribution is a require- patterned into 1 m.m. wide parallel stripes

ment for device processes and his important so that both the nonoxidizing and oxidizing

significance for further solving the physical regions could be on the same wafer. The

mechanism of oxidation enhanced diffusion thermal oxidation was carried out in a high

(OED) and oxidation retarted diffusion (ORD). pressure steam oxidation system which was

This paper reports that several new pheno- aulomatically controlled by a microprocessor.

mena found under the high pressure oxidation Before and after oxidation, the spreading

at different from those in atmospherical oxi- resistance profiles (R-X) were measured by

dation. ASR-100B spreading resistance probes. The

oxide thickness (x0 ) were measured by a TP-77

1. EXPERIMENTAL CONDITIONS ellipsometer.

Original silicon wafers were 7-15u.cm, p

type (100)- and (111)- orientated single crys- 2. EXPERIMENTAL RESULTS AND DISCUSSIONS

tal silicon. The phosphorus diffusion were The oxidation curves of (ll)-Si in 7.5
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FIGURE 1 FIGURE 2
Oxidation cu6 ves 8 f silicon in high pressure Matched spreading resistance profiles of
steam at 700 -970 C phosphorus in silicon

atm. steam at 700 0-970 C are given in Fig.l. coefficients Do, DN were calculated from the

It can be seen that the oxidation rate (dx0 /dt) measured junction depths x. and sheet resis-
0 880, ,0,

is very fast at 970 , 8800, 780 C, it has run tances in both the oxidation and the nonoxida-

in the parabolic oxidation regime. While at tion region according to Gaussian distribution.

700
0
C, it is in the linear oxidation regime. By doing so, the segragation effect of the

it is implied that the difference in impurity moving boundary in the oxidation region is

diffusion in silicon under high pressure and ignored. The validity has been discussed by

atmospherical oxidation is not due to the some authors [1, 2, 3]. It can be noted from

difference in the oxidation equation, but is this figure that DO> DN at the higher tempera-

correlative with the oxidant supply. ture (970
0
C), that is OED. While D =D at 8800C

O N
Several typical spreading resistance pro- for 40', it is the transition point of OED-ORD.

files for different experimental conditions are When the oxidation time t is over 40' or the

shown in Fig.2. From 2a and 2b, it can be temperature is lower than 880 C, then 0(N
observed that the impurity distribution and that is ORD. Another regular phenomeron is that

the ratio of the junction deepth, xjo/xjn , are D decreases as increasing the oxidation time t

related to the crystalline orientation of sam- at the same temperature, and DN also decreases

ples. Within the pressure and the temperature except for 9700C so that the enhancement de-

range used in this experiment, all of the creases while the retard increases.

phosphorus diffusion in (100)-Si are retarded A plot ofAD versus time-mean effective

(ORD), and its diffusion coeffecients are all oxidation rate x0 /t is shown in Fig.4. A result

bigger than those of (I11)-Si at the same con- of normal dry oxygen oxidation given by

dition. By comparing 2c with 2d, it is obvious Y. Ishikawa [9] is also plotted in the figure.

that the effect of oxidation on diffusion is From Fig.4, AD and x0 /t have a power relation-

correlative with pressure (p) of oxidant, ship except for near the transition point.

A plot of the logarithm of diffusion coeffi-

cient versus the reciprocal of absolute tempe- JADI = A(X0 /t)
n

rature is shown in Fig.3 for phosphorus in
ratrii son in 7. fom.Here, phphrusin within the parabolic oxidation region indicated
(1)-silcon in 7.5 atm. Here, the diffusioninFg1

in Fig.4.
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Diffusion coefficient of phosphorus in silicon Oxide growth rate dependence of D of

versus reciprocal temperature phosphorus in silicon

X0 /t = 2(dx0/dt) tions from the shrinkage to the growth, again

to the shrinkage in the similar temperature
Thus, we have

14 D'c(dx O/d
n  range. These results verify once again that

OED (ORD) and OSF are two behaviours coming

Where, the n is different from the predictive from a same physical process - the injection

value (n=l) of S.M.Hu model [7] and the results of non-equilibrium point defect, and the

given at normal oxidation by other authors [9, phosphorus diffusion in silicon is mainly via

10]. The n can be positive or negative. It is interstitialcy mechanism.

depend on the temperature, pressure, oxidant The measured effective diffusion coeffi-

composition and crystalline orientation of cient (D) may be considered to be a superposi-

samples. Particularly near the OED-ORD transi- tion of three physical effects: the Fick

t
4
on point, the n approaches infinity as a effect Di, the concentration effect ADc and

limit. It means some criticality and is well the surface oxidation effect ADO, that is

worth notice. D = Di + ADc + AD 0

Another interesting phenomenon is the rela-
1 In the nonoxidation region, ADo=0. Also

tionship of Do/DN - plotted in Fig.5. The 0 0

ADc(970 C) =0, since the surface impurity con-

right half is our result in 7.5 atm., but the centratiun (l.3xlO19 cm
-3 )

centrtiuncm )is lower slightly

left half was obtained in dry 02 by Francis and than the intrinsic carrier concentration in

Dobson [11]. When the temperature is increasing silicon at 970 C. Thus, DN(
9
70 C)=Di and has

from 700 0C to near 1300 0C, it undergoes two N 0
no change with t. While below 970 C, ADcAO and

transitions from ORD to OED and again from OED change with t, and so do the DN' In the oxida-

to ORD. By comparing it with the relationship tion region, there are bothADc and D

of the length of oxidation induced stacking Strictly speaking, ADc and 
4
D
0 

effect each

faults (OSF) Vs I/T of Fig.6, it can be found other [4]. But, as a first approximation, we

immediately that OSF also undergoes two transi- can assume [5, 6] ADc(O)*Dc(N), then
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Ratio of the diffusion coefficients (Do/DN) Length of OSF versus reciprocal temperature
versus reviprocal temperature

[2] T.Kato et.al., Jpn, J.Appl. Phys. 3(7),
ADD o-D N=ADO  that is, the measured AD can be 377 (1964).
approximately considered to be the result from [3] Y.Nabeta et.al., J.Electrochem. Soc.,123,

oxidation solely. 1416 (1976).

The ADO, as has been recognized [7, 8], come [4] B.E.Deal et.al., J.Electrochem. Soc.,112,

from non-equilibrium point defect injection (4), 430 (1965).

into silicon caused by oxidation reaction at [5] C.P.Ho et.al., J.Electrochem. Soc.,

SiO 2 -Si interface. In turn, the point defect 126(9), 1516 (1979).

injection would be dependent upon the relative [6] Wu Bai-Lu et.al., to be published.

rate between the diffusion transporting of

oxidant at Sio -Si interface and the reaction [7] S.M.Hu, J.Appl. Phys. 45(4), 1567 (1974).

consuming of it at the interface. This suggests [8] T.Y.Tan et.al., Appl. Phys. Lett. 40(7),
I1. April, 1982.

that the lack and the excess of oxidant at the

interface result in interstitail and vacancy [9] Yutaka Ishikawa et.al., J.Electrochem.~Soc. 129(3), 644, 1982.
injection, and so for OED and ORD of phosphorus.

The pressurizing is in favour of oxidont trans- [10] K.Taniguchi et.al., J.Electrochem. Soc.,

porting, the decrease of temperature and the 127(10), 2243, 1980.

increase of time result in retard of interface [11] R.Francis and P.S.Dobson, J.Appl. Phys.

reaction, hence ORD is favoured. In a similar 50(l), 280, 1979.

way, the difference in oxidant composition and [12] Natsuro Tsubouchi et.al., Jpn.J.Appl.

crystalline orientation also has effects on Phys. 17, 223-228 (1978).

OED (ORD).

In summary, the result of high pressure

oxidation shows that the phosporus diffusion

can be enhanced or retarded, it is dependent

upon the oxidation condition.
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SHALLOW JUNCTION FORMATION USING CoSi2 AS A DIFFUSION SOURCE

V. Proba0, P. LipWen, L Van dn hove . Maez, I. Sdaam r and I. Do Kehumneqw

Interuniversity Microelectronics Center (IMEC v.z.w.), Kapeldreef 75, B-3030 Leuven, Belgium
*SIEMENS AG, Central Research and Development, Otto-Hahn-Ring 6, D-8000 Munchen 83, BRD

Thin layers of CoSi 2 (120 nm) were used as a source for B and As diffusion in order to form shallow steep
junctions with high interface concentration. SIMS depth profiling as well as two-dimensional characterisa-
tion of the indiffusion demonstrate the power fo this technique over a wide range of temperatures and times.
Diodes with a high yield and a very low leakage current density (-1 nA/cm2) prove the reliability of the process.

1. INTRODUCTION acteristics of this diffusion source, the CoSi 2-salicide process,

as described in [21, was applied first on unpatterned Si-wafers.

The shrinking of device dimensions in integrated circuits After formation of 120 nm CoSi 2 at 7000C for 30 s (RTP),

necessitates a significant reduction of junction depths towards the desired dopant was implanted into the silicide with a dose

the 0.11m scale. In order to improve device and circuit speed, of 5.E15 cm - 2 . Simulations using the program TRIM85 [4]

however, parasitic elements such as series resistance have to be were used to determine a suitable implantation energy assuring

reduced as well. These two requirements cannot be satisfied confinement of the implant within the CoSi 2-layer (20 keV in.

simultaneously by conventional junction formation processes, the case of B, 50 keV for As). Prior to the diffusion step, the

nor by dopant diffusion from poly-Si such as applied e.g. in silicide was capped with 200 nm of CVD-SiO 2 in order to pre-

self-aligned bipolar devices [1]. Silicides, on the other hand, vent dopant loss to the ambient. The diffusion cycle was either

are proven to be successful in order to reduce the contact performed in a conventional furnace or in a rapid thermal pro-

and sheet resistances. The silicidation of extremely shallow cessing system (RTP), in order to test the diffusion behaviour
diodes, however, requires special attention. When the con- and stability of the CoSi 2-source over a wide range of temper-

ventional silicidation of preformed shallow junctions is applied, atures and times.

the diode yield decreases drastically with decreasing junction

depth/silicide thickness ratio [2]. Therefoe, the diffusion of In a second experiment shallow silicided n+-p and p+-

dopants from the silicide into the silicon is an attractive al- n diodes were fabricated using the diffusion of dopants from

ternative to this process [3]. Besides the benefit of avoiding CoSi 2 . Active areas were defined by a conventional LOCOS-

direct implantation of dopants into the single-crystal silicon, technique. The silicidation, implantation and diffusion steps

the proposed method of junction formation is expected to be were carried out following identical conditions as for the unpat-

'self-adjusting' to the silicide/silicon interface shape which has terned wafers. Then a CVD-oxide was deposited and contact

a certain degree of roughness Therefore, junction shortage due windows were opened. Ti/W was used as a diffusion barrier

to inhomogeneous silicidation can be avoided, between the silicide and the Al-metal layer. Finally, a sintering

in forming gas at 450*C for 30 min was carried out.

2. EXPERIMENTAL

3. RESULTS
In this work, CoSi 2 was used as a source for B and As dif-

fusion into mono-Si. In order to study the fundamental char- Four-point probe measurements were performed between

I".ro,.iuist Ailr-..: A S,. .\(l ( ,,jr;aj .;,-, ,,,,I l1',, the processing steps to check the change in CoSi 2 sheet resis-
,ig,, I (M Ij.l~i.i, tance. Due to implantation damage, the initial sheet resistance
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of 1.25 f1/0 after silicidation [2j increased to 5 0l/O in the case

of B implantation and 3 (1/ for As. The subsequent diffusion

steps anneal this implantation dama and caum the complete BORO IN ONO--Si

recovery of the CoSi2 sheet resistance (e.g. 1.1 ,nf/0 after

950*C anneal for 30 min), which is in good agreement with [51. --

The diffusion of the dopants in the silcide was measured

by secondary ion maw spectrometry (SIMS). Figure 1 shows

the as-implanted B profile in comparison with the 8000C/30
min diffusion step. Due to the fast diffusion of B in CoSi2 at :t
that temperature a complete equidistribution has taken place

in the silicide at a concentration level of about 3.E20 cm- 3 . At 8,O*C 9 w-o'c " c v0C

the interface to the SiO 2-,aYer, boron tends to segregate (SiO 2  W eb 0

was etched off prior to SIMS measurement). 0 0.1 02 03 04 as
DEPTH Ipsi

FIG. 2: SIMS-profiles of B-indiffusion from CoSi 2 at dif-
C , MW/ O- SJ ferent heat cycles.

interface-concentrations between 3.E19 cm- 3 (at 950'C) and

8.E19 cm- 3 (at 1100-C) show the reliability of CoSi 2 as a diffu-

V2  sion source over a wide temperature and time range. A junction

.. I depth of about 200 nm can either be achieved by 950'C/30 min
I furnace anneal or by 10500C/10 s RTP. As expected, the sur-

V I0 face concentration is higher for the RTP sample. The same

tendency is shown in fig. 3 for As-indiffusion. However, due

a I S- C ARSENIC IN IMfO-SI

0 . pa. 02 03 14 a

DEPTH [jus)

FIG. 1: Boron profiles measured by SIMS: as-implanted /1and diffused Out Of CoSi 2 at 3 C for 30 min. a

In fact, more important for device applications is the indif-

fusion of the dopants from the silicide into the mono-Si. Espe-
cially the temperature-dependent junction depth and interface- W*OC 10O* 10'C
concentration are of main interest for scaling and contact- 1 ;  Oin lOsec 60sKc

resistance respectively. In order to exclude matrix-effects during 10 0.1 02 0.3 0.5
0 0. 20.3 4 0-SIMS-measurement and to avoid limitations in depth resolu- DEPTH Ii'.)

tion, the CoSi2 was selectively removed from the mono-Si by
etching in 25 % HF. Figure 2 shows the indiffusion of boron FIG. 3: SIMS-profiles of As-indiffusion from CoSi 2 at dif-

from CoSi 2 for different heat-cycles. Junction depths from 100 ferent heat cycles.

nm (for 800C/120 min) to 500 nm (for 11000C/60 s) and
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to the lower diffusivity of As in mono-Si (71, the As-junctions

are shallower than the B-junctions formed at equivalent condi-

tions. Interface concentrations between 2.E20 cm- 3 and 3.E20

cm- 3 were achieved for As at 950*C and 11000 C, respectively.
In general, the indiffusion behaviour of B and As from CoSi 2
is very similar to the indiffusion from poly-Si [61, [7). Slight

deviations in the interface concentrations could be due to the

different segregation behaviour or solid solubility of dopants in

CoSi2 which requires additional experiments.

SIMS-depth profiling on shallow junctions (< 50 nm) (e.g.

8000C/120 min As-indiffusion) need special measurement con-

ditions such as low energy primary ion beam, which increases

measuring time drastically. For determination of the junction

depth only, the method of bevel and staining (BS) is more ef-

ficient on these samples. Table 1 gives a summary of the junc-

tion depths obtained for B and As for various annealing condi-

tions, measured with SIMS, S and spreading resistance probe FIG. 4a: SEM-cross-section showing the CoSi 2 /Si inter-

(SRP). Taking into account that these independent methods face and the diffusion front for the boron diffusion at

yield junction depths at different doping levels, a good agree- 900*C, 30 min. FIG. 4b: SEM-cross-section for boron
indiffusion at 10500C for 30 s. FIG. 4c: SEM-cross-

met is obtained between the different results which proves the section showing CoSi 2-'globules' surrounded by the dif-

reliability of the data. fusion front for As-diffusion at 11000 C, 60 s.

_ _ ARS NIC BORON grains, the interface to the mono-Si and the diffusion region are
Wit" --0"C 0 1 0 1*W0" t at0 clearly seen. These micrographs reveal that the diffusion front

IFFIJSICW h 30' 30' " O h 30 1 " 60 follows the CoSi 2/Si interface at a nearly constant distance.

s/_s cm-3 ISO 170,0 110 10 200 22) SOO The explanation for this self-adjusting mechanism is similar to

Xja s [fl 40 7 140 120 2W 110 130 10 M 190 43V that for the poly-Si diffusion source in ref. 7. The CoSi 2/Si
XjSRp Ina] 1 0 110 470 interface itself behaves like a grain boundary with high diffu-

sivity. The dopants are mainly supplied by the vertical grain
TABLE 1: Comparison of junction depths obtained by boundaries, but also from the bulk of the CoSi 2 (8]. Reaching
indiffusion from CoSi 2 and measured with SIMS, SRP, the interface, they immediately redistribute in the lateral grain
bevel and staining (BS).

boundaries before slowly diffusing into the mono-Si.

An important issue is the lateral homogeneity of the junc- Figures 4a-4b also show that the lateral growth of the

tion. Since the mentioned analysis methods give one-dimensional CoSi2-grains from dG = 0.3 pm at 900*C/30 min to dG

information (averaged over a large sample area) only, SEM 0.6 pm at 10500C/30 s is accompanied by a local conglomera-
was applied on selectively etched cross-sections to visualize the tion of the silicide. This in consequence causes a temperature-

CoSi2-grains and the two-dimensional shape of the diffusion dependent local change in thickness and an increase of the

front with high resolution (at a dopant concentration of about interface-roughness from about 50 nm at 900°C/30 min to
5.E18 cm- 3 ). about 140 nm at 11000C/60 s. This is even more pronounced

in the case of As-doping, where the CoSi 2-1ayer has balled up

Figures 4a and 4b give examples for the case of B-diffusion locally after a heat cycle of 1100OC/60 s. However, even this

at 900*C/30 min and 10500C/30 s respectively. The CoSi 2- extreme case confirms the self-adjusting mechanism of indiffu-
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sian by showing the CoSi 2-'globules' surrounded by the diffu- 4. CONCLUSIONS

sion frort .It is dem onstrated that CaS 2  i s a very useful and flexi-
Figue 5givs atypcalI-V(forardandrevrse chracer- ble diffusion source for arsenic and boron. SIMS-analyses show

ic 5f diodes ae tya I- i ( for arese at rcter- that shallow as well as deep junctions with high interface con-
min n N. T~e 2sumarizs te avrag lekagecurent centrations can be obtained by furnace anneal and RTA. Two-

dimensional analyses of the diffusion (SEM) reveal an interface-density for several diffusion conditionts (devices with leakage
current density hoghe than' 20 nA/cm2 were considered defec- related self-adjustment of the diffusion front which avoids ionc-

tive). Even for the highest temperature cycles (1100 0C) where tion shortage due to inhomogeneous silicidation. Diodes formed

the silicide has batled up locally (fig. 4c) leakage currents as by B or As indiffusion from CoSi 2 show ideal forward and (e-

l2 sAc (at 5 Vreye so bias) weeobserved. This verse characteristics with very good yield even for extremely
the o Co shallow junctions of 40 nm (As) and 100 nm (B).

ithe space charge region must be much less pronounced than AKO LDEET
expected from diffusion length (about 160 pim) and solid solu- AKOLDEET
bility (about 11E15 cm-"1) [91 of Co in Si at 1100*C/ 60 s. Due Teatoswudlk otakP ihne n .Vn
to the non-planar shape of the junction (fig.5) , the breakdown Teatoswudlk otakP ihne n .Vn
voltage is expected to decrease 1101. However, no difference dervorst for SIMS-analyses, K. Wittmaack for useful discussions

was seen in comparison with the values obtained from th nn and also R. De Koninck for dlevice-measurements. P. Lippens
is indebted to the Belgian Institute for Scientific Research in

siliide cotro devces(20V fr As 30V fr BIndustry and Agriculture (IWONI), whereas L. Van den hove
and K. Maex are supported by the Belgian National Fund for

Idied. [A) Scientific Research (NFWO).
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SEMIROX bird's beaks were processed for different sets of parame-
ters including variation of the buffer oxide thickness, nitride
thickness and temperature. A numerical simulator is used to
discuss two-dimensional stress-and diffusion effects.

Ia. 2& DI FUSION eueS

For many standard oxidation processes In (3] it was shown by a simple quali-

it can be observed that the oxidation tative model that the length of the

rate is strongly stress-dependent. A bird's beak grows with increasing

qualitative description of this effect buffer oxide thickness and diffusion
has been given in [1,2]. The first constant and drops with increasing

effort for a quantitative analysis of reaction rate. In this case the under-
this effect was made in [4] where cir- diffusion of the mask via the buffer

cular etched silicon structures were oxide was considered.
oxidized and the oxide thickness was
measured as a function of the radius.
By using rotational symmetry the actual•-

two-dimensional problem was reduced to

one dimension and thus could be de-

scribed by an ordinary differential

equation. In [43 the different oxida-
tion rates for concave and convex cor-n W ZD
ners were attributed mainly to a pres-

sure dependence of the viscosity thus

allowing no conclusion on the behaviouri of oxidant diffusion under stress.

o FIG. 1: Typical bird's beak geometry.
As will be shown in the next section The start of the under-diffusion-region

is defined to be the position where the
the length-to-width ratio of a bird's oxide thickness reaches zo+zio/10. The
beak is a function of the diffusion width of this region is measured at the
ccefficient/reaction constant ratio. mask edge.

Thus the bird's beak experiment pro-
vides better orthogonality between the Exact numerical values for the depen-
oxygen diffusion and reaction because dence of the bird's beak length on D,
it delivers as results not only the K, and z. can be extracted from numeri-

oxide thickness but also the length-to- cal simulation only. For this purpose a

width ratio of the under-diffusion geometrical definition of the width-to-

region. length (w/l) ratio was defined accor-

ding to Fig. 1. For the numerical simu-

lation the Deal-Grove model was ex-
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tended to two dimensions by using the The second sot of mechanisms has been

Finite Element method. Viscous flow was observed b.- various workers but a quan-

assumed for oxide deformation. titative mdo1 has been given only by

Kao (4]. The coefficients of the

Fig. 4 chows that the dependence of governing equations are dependent on

the w/l-ratio on buffer oxide thickness mechanical stress by a Boltzmann type

is linear whereas it's dependence on relationship.

the reaction/diffusion (kID) ratio ex-

hibits a rather nonlinear behaviour (1) kh - ke exp(-asVk/kT

(Fig. 2). D - De exp(-pVn/kT)

C= C-. exp(-pVc/kT)

j- m. exp( (T)p)

an denotes the normal stress at the Si-
SiOn interface, p the hydrostatic pres-

sure, C* the saturation concentration
2001 and M the viscosity of the oxide. The

002 V's are denoted as activation volumes.

0.05

In this work (100> lightly n-doped (5-

20 Ocm) silicon wafers- were cleaned and

oxidized in dry 02 to form a buffer

0.8 oxide between 100 and 800 A. Silicon

nitride of a thickness between 200 and

2000 A was deposited. After chemically

etching the nitride a wet oxidation was

performed at temperatures between 900.6 .nd 1100 *C. The TEN preparation of the
1 2 3 4 5 1p cross section was performed by mecha-

nical lapping &n successive ion et-

ching.

FIG. 2: The w/l ratio of a bird's beak
depending on the reaction
rate/diffusion coefficient ratio. (The
linear and parabolic growth rates are A& YAIZ Q OE Z 9 ZDIKCZUISS
related to these constants by ki/kr -

k/2D) Samples were fabricated with various

pad oxide thicknesses at 10009C oxida-

13. ALUIElUMT tion temperature with a 1200 A nitride
mask. Qualitatively the profiles behave

The shape of the bird's beak is in- as expected and show reduced under-dif-

fluenced by mechanical stress. The two fusion for lower pad-oxide thicknesses.

mechanisms involved are: However a quantitative comparison be-

- direct deformation of the oxide by tween measurement and stress-free simu-

pressure exerted by the nitride mask I 'ion shows that the measured bird's
- stress-dependent coefficients (Dif- beaks have the tendency to be longer

fusion, reaction, viscosity etc.)
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and flatter than the simulated pro-

files. The agreement is quite good for

a large pad oxide thickness (Fig. 3a).
However for small pad oxide thicknesses

the difference is clearly visible (Fig.

3b). In Fig. 4 the w/l ratios of nea-

3. sured and simulated bird's beaks are

plotted against the buffer oxide thick-

ness. The comparison with the stress-

free simulation case shows that the

differences increase with shrinking
buffer oxide thickness.

iD

-.0.5

b 2 4 6 8  zd°oPm
FiG. 3: T214 micrographs of.bird's beaks
grown with 800 A (a) and 100 A (b) FIG. 5: Effective values for diffusion
buffer oxide together with stress-free coefficient (D) and reaction rate (k)
simulation. depending on buffer-oxide thickness

normalized with respect to the stress-
free values.

WI To quantitatively estimate the influ-

ence of stress on the diffusion- and
reaction rates the bird's beaks were

1.2 re-calculated with the values for these

rates adapted such that the best fit

for the geomtry of the under-diffusion-
region was obtained. The.values, which

can be interpreted as mean-values for

10 P. the whole under-diffusion-region, are

shown by Fig. 5. The mask effect ap-

pears to be strong for a small pad
oxide thickness. In this case the mask

is strongly bent. If the values of the

0.8 coefficients are translated into2 4 6 8 Zol/O.WP stress-values via Kao's model (1) it
can be concluded that for thin pad

oxides the mask exerts strong normal
FIG. 4: w/1 ratio versus buffer oxide stress along the interface and that
thickness: x-masured, o-stress-free
simulation
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compressive hydrostatic pressure is profile could only observed for the
dominating throughout the under-dif- maximum nitride thickness (2000A) at
fusion-region. The mask effect becomes 11000 (Fig. 6a). For the same nitride
weaker for thick pad oxides. The mask thickness, but lower temperature this

is only slightly bent and seems to effect is much less pronounced (Fig.
enhance the region of tensile pressure 6b). This is due to the fact that the
shown by numerical calculation. Nonthe- oxide becomes softer as compared to the
less a reduced value of the reaction nitride for high temperatures. In the

rate can still be observed, second case the mask acts only indi-

rectly through stress-induced reduction

of the reaction rate. This results in

2,. o Nitride Thickness stronger under-diffusion and thus leads
to a very long bird's beak.

To investigate mechanical 
effects sam-

ples were fabricated with different

nitride thicknesses at different tempe-

ratures. A direct deformation of the
oxide, which leads to an assymetric Extensive experimental data concerning

the influence of technology parameters

on the shape of MOS field oxide were
obtained and characterized. Oxide

growth is strongly influenced by mecha-

nical effects. It was shown that the

influence of stress on the reaction
rate plays the main role. In addition

the diffusion coefficient is enhanced

significantly for some cases. Quanti-
tative data on these effects were ex-
tracted.
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P2.1.6

VERIFICATION OF ION IMPLANTATION MODELS BY MONTE CARLO SIMULATIONS

G. Hobler, S. Selberherr

Institut ffir Allgemeine Elektrotechnik und Elektronik
Technical University of Vienna
Gufihausatra&e 27-29, A-1040 Vienna, AUSTRIA

Monte Carlo simulations are perfectly suited to check the validity of simple models. We investi-
gate 3 models: First, we show that ID models for the implantation into multilayer targets give
reasonable results only if the stopping powers of mask and bulk material are similar. Second,
we discuss the construction of 2D point responses from ID profiles. Third, we show that the
method of superposing point responses at mask edges may fail in some cases.

1. INTRODUCTION consider 3 situations:

The Monte Carlo method is known to be the most 1) Implantation into bare material I (concentration
powerful tool for the simulation of ion implantation. profile C(71)).
Analytical models, however, require much less CPU 2) Implantation into bare material 2 (concentration
times and allow easy consideration of experimental profile C2(z)).

! data, The latter is particularly important because 3) Implantation into a mask/bulk structure with given
Monte Carlo simulations usually assume amorphous mask thickness d, where the mask material is ma-

targets so that they do not always yield correct pro- terial 1 and the bulk material is material 2 (con-
files for implantations into c-ystalline targets Ili. centration profile C(x)).

As simple models are usually based on physical con- The purpose of the models is to construct C(z) from

siderations and Monte Carlo simulations take physics Ci(x) and/or C2(x). C1 (z) and C2(r) may be 4 -
most accurately into account (apart from the assump- tained by simulations as well as by experiments. The
tion of amorphous targets), Monte Carlo simulations models read:

are perfectly suited to check the validity of these sim-

pie models. In particular, we will investigate in this Ci(r) r < d

paper ID models for the implantation into multilayer C(z) = Q -C 2 z - d - 1 'R, )) -> d (1)

targets (Chapter 2), the construction of 2D point re-
sponses from ID profiles (Chapter 3), and the method CI(z) z < d
of supe ptsing point responses to obtain dopant dis- C(z) = 2C2 ( - (d - d')) > d )

tributions near mask edges (Chapter 4).
Our Monte Carlo program is, from a physical point

of view, similar to the well known program TRIM 121. d2"C 2 (R" z x-d

One mayor difference of our code is that we evaluate c (9 A d.- ) > d

scattering angles by interpolation in a precomputed - d x

table. The 2D simulations have been performed with a

code which allows arbitrary geometries. Both features J . "X \ ) (
are described in Ref. 131. C() = d R (4)

C 2 . - d ' . - /  z d

2. IMPLANTATION INTO MULTILAYER
TARGETS Cl(z) z < d

In a recent paper 141, Ryssel discussed 5 models for C(s) IAR, " - z > d (5)
the implantation into multilayer targets. These models -d. - 1
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a in (1) and d' in (2) are adjusted in such a way that ent energies and for 3 values of the mask thickness.
f C(x)dz = f C1 (z)dz (= f C2 (x)dx), what is auto- P-implantations have not been considered because P-
matically fulfilled in Models 3, 4, and 5. Rp 1 , RP2  profiles in SiO 2 and Si are almost identical. The ener-

denote the mean projected range and ARpl, ARP2 the gies are usually 30 keV, 100 keV, and 500 keV (10, 80,

standard deviation of C1 (x), C2 (z). 500 for B and Be), the values for the mask thickness

Ryssel gave qualitative arguments in favour of about JRp ("thin"), 4PP ("medium"), 7Rp ("thick").

Model 1. To investigate the models quantitatively, we In order to present the results in a compact manner,

have calculated Cl(x), C 2 (z) and C(z) by Monte Carlo we have introduced 4 degrees (cf. Tab.1 and Tab.2):

simulations and then constructed C(x) from C 1(x) and "good" means that the profiles deviate in depth far less

C 2 (z) by applying one of the Models 1-5. Comparing than 10%, "fair" means less than 10%, "poor" more

the two versions of C(z), one can easily see how good than 10%. "catastrophic" has been introduced to in-

the models are. dicate that one of C 1 (x), G 2 (x) would represent the

Two examples are shown in Fig.1 and Fig.2. Fig.1 profile in the mask/bulk structure better than C(z) as

shows good agreement between Model I and Monte calculated from the model.

Carlo results for an As-implantation into SiO 2 /Si. In In Tab.1 and Tab.2 there is listed for each mask

Fig.2 can be seen, however, that the model fails corn- thickness and each model the number of cases with

pletely for a Be- implantation into Si0 2 /GaAs. In good, fair, poor, and catastrophic agreement. (Note

this case the profile in bare SiO 2 would describe the that the sum of each column is 9, as we have 3 ion

profile in SiO 2 /GaAs much better than the profile con- species at 3 energies). In Tab.1, which is for SiO 2 /Si,

structed by Model 1. This indicates that the models it can be seen that the general agreement is quite good,

fail, if mask and bulk material have very different stop- however, only Models 1 and 3 are always "good" or

ping powers like SiO 2 and GaAs. "fair", and Model 1 is slightly better than Model 3,
To confirm this result, we have performed simula- in agreement with Ryssel 141. On the other hand, all

tions for B-, As-, Sb-, and Be-, Si-, Zn- implantations models completely fail for SiO 2 /GaAs (Tab.2). Only

into SiO 2 /Si and SiO 2/GaAs, respectively, at 3 differ- for thin masks Model 3 gives good results.

t0 10'..........

Modet. 1 oeI
----Mone L o . --..-.... C~o (iO G

- -......Monte Ce'o -C (S0)I E
0 0

0 1 (,
0 0

C r c

to, -:3 10'
C C

0 0
O -- UlIemee.. 0.0618. O

100k v L
to, 101

0.00 0.06 0.10 0.S 0.20 0.00 0.10 0.20 (.30 0.40 0.60 0.60

depth [pm] depth [pm)

FIGURE I FIGURE 2

As-implantation into Si through a Si0 2 mask. Be-implantation into GaAs through a SiO 2 mask.
dashed line: Monte Carlo profile in SiO 2 /Si. dashed line: Monte Carlo profile in SiO 2 /GaAs.
full line: Profile in Si0 2 /Si due to Model 1, con- full line: Profile in SiO 2 /GaAs due to Model 1, con-
structed from Monte Carlo profiles in bare SiO 2 and structed from Monte Carlo profiles in bare SiO 2 and
bare Si. bare GaAs.

dotted line: Monte Carlo profile in bare Si0 2.
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mask thin medium thick 10'..... ................. 0.26

model 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 Be in GaAs E

good 9 4 9 7 1 6 5 5 3 5 9 9 4 1 9 W
fair - 3 - 2 2 3 4 4 1 4 - - 5 2 - 0.20 c
poor - 1- - 6 -- -5- --- 6- iOs  0

catastrophic -I - --

wn 0.1 )_
TABLE 1 o0 -.....

Number of cases with good, fair, poor, and catas- 10'
trophic agreement for implantations into SiO 2 /Si. 0010

a)(f"010.0

mask thin medium thick C 00model 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 0

good 3 - 6 2 ..................
fair 2 - 2 - - 3 - 0 - - - - - - - ....
poor - 2- 3- 3 1 3 1 1 1 1 1 - - 0.0 0.1 0.2 0.3 0.4 0.5 0.60.00

catastrophic 4 7 1 4 9 3 8 5 88 . 8 8 8 9 9 depth (pim)

TABLE 2 FIGURE 3
Number of cases with good, fair, poor, and catas- Depth dependence of the lateral standard deviation for
trophic agreement for implantations into SiO 2/GaAs. Be in GaAs (100 keV).

3. CONSTRUCTION OF POINT RESPONSES 4. SUPERPOSITION METHOD

FROM 1D PROFILES The superposition law says that the response to a
Responses tV, punctiform beams play an important homogenous beam is identical to the sum of responses

role in the Superposition Method (see Chapter 4). For to punctiform beams which are equidistributed over
a long time it was believed that one parameter, namely the width of the homogenous beam. For a rigorous
the lateral standard deviation, would be enough in- application of this law we would have to know the
formation to construct the 2D point response C(x,y) actual response to every punctiform beam along the

from the 1D profile Cvert(Z). This was simply done by surface. In practice, however, point responses are con-
multiplying Cvert(x) with the lateral Gaussian func- structed from ID profiles and may therefore not take
tion gauss(q) given by a: into account boundaries other than perpendicular to

the beam. In the case of a mask edge those ions are not
C(x, y) = Cvert(x) -gauss(y) (6) treated correctly by the superposition method which

leave tne mask laterally and re-enter the target. The
This means that the lateral profile at any depth is a

Gaussian function with fixed standard deviation. In a question is now, whether these ions may significantly

previous paper 151 we have shown that this is not true contribute to the total dopant concentration.

for Si-targets. The lateral standard deviation depends To investigate this question, we have performed

strongly on the depth, and also the lateral profile is Monte Carlo simulations for a simple structure, name-

not always well represented by a Gaussian function. ly a rectangular mask on a planar bulk. In this case,

We have now investigated GaAs-targets, and we according to the superposition method, no ions should

found quite the same behaviour as for Si: For light reach the Si-region which have originally entered the

ions (Be) the lateral standard deviation decreases with mask. So, if we only expose the mask surface to the

depth (Fig.3) and the lateral kurtosis is smaller than 3. computational ion beam, any concentration in the Si-

For heav) ions (Zn) the standard deviation increases region indicates a failure of the model. We have per-

with depth and the kurtosis may assume large values formed simulations for B- and As-implantations at, var-

near the surface. For Si-ions, which lie between the two ious energies. The results for B at 100 keV are shown

cases, cry does not depend very much on the depth. in Fig.4. The concentration in Si is about one order
of magnitude lower than the peek concentration of di-
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B -woaa 100 kev 0+-io: 100 keV

rSiO 2  SiO 2.. . 0

"i Si
EW

Sii

-. 4 0 . .8 1.2 -:4 0 .4 .8 1.2

LATERAL (JM) LATERAL (PM)

FIGURE 4 FIGURE 5
B-implantation into Si by a rectangular mask. B-implantation into Si by a rectangular mask.
The contour lines represent the logarithm of the The contour lines represent the logarithm of the
dopant concentration devided by the dose I1/cmj. dopant concentration devided by the dose I1/cmI.
Only the mask region is exposed to the beam. The whole simulation area is exposed to the beam.
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P2.1.7

A SIMPLIFIED MODEL FOR THE CHARACTERIZATION OF ANTIMONY ION IMPLANTATION AND DIFFUSION ON
SILICON

'1 REUSI INES FONSECA

Laboratrio de Nlcroeletr6nica da Escola Politicntca da USP
Departamento de Engenharia de Eletricidade, P.O. Box 8174
05508 Sio Paulo, Brasil

The main purpose of this work is to show how with a simple analytical model of diffusion,
using only Ro and x- experimental data, is it possible to calculate the relationship be-
tween the electrically active charge and the initial implanted dose of Antimony in Silicon.
It will be shown that Qel/Qdose < 1 in agreement with many others authorsl,2,3, and a lower
diffusion coefficient than that commonly used by SUPREM II simulator is achieved through
this model, which allows good fit with the experimental data.

1. INTRODUCTION
High dose implantations of Antimony in Sil- These results are in good agreement with

icon studies are receiving considerable atten- those published earlier by many others authors,

tion in recent years, by many authors1 ,2,3'4, indicating that this model, although very simple,

owing to their applications asanimpurity source is sufficiently adequated to describe the

in the fabrication of buried-layers in high fenomena correlated with the Sb diffusion on

speed, low power dissipation Bipolar Transis- Si.
tors5,6,and resistors with special characteris-
tics 7, convenient for VLSI circuits. It is well 2. THE ANALYTICAL MODEL

known that for small concentrations of Sb in Si, After annealing and drive-in diffusion,impu-
almost 100% substitutionallity and electrical rity concentration redistribution from an ion-

activity is achieved2.3, whereas high concen- implanted source can be treated as a Gaussian
trations exceeding the solid solubility limits profile, with fixed amount of impurities, given

of Sb in Si form metastable solutions and cause by Qdose. Therefore, it is well known that only
segregation effects, indicating that a fraction a fraction of these Qdose is electrically ac-

of substitutional Sb is electrically inactive. tive, named Qel, and given by:
A complete characterization of these high con-

centrations of Sb in Si, their decomposition in- Qel = 1 (1)
to precipitates, informations about the exact q 1 R3

Sb atoms crystallographic location in the lat- From R0 experimental data, the only way to
tice and the degree of their electrical activ- calculate the actual Qel is through the mean

ity has been extensively studied, through a va- mobility V variations, which have a dependence

riety of analytical techniques 2,3. over tha mean impurity concentration C. These
This work shows through a simplified analyt- parameters can be interconnected through the

ical model of diffusion, using only R0 and xj following definitions:

experimental data, that is it possible to cal-
culate the relationship between the electrical- Qel (2)
ly active charge, Qel, and the initial implanted xj
dose, Qdose, of Sb in Si, together with the fol-
lowing parameters: diffusion coefficient Dmean
mobility - and carrier concentration C.
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-x ntype P, <100>, p - 1O-20.m. After typical-umi n + Umax - i ,n
C iL (3) annealing at low temperature, T 5000C. and 02

1 e (-ambient, for 60min, it was carried out the
dopant diffusion in 02 ambient, T a 12000C. in

where: 4 different times, 4, 9, 16 and 25 hours. Sub-
Mmin 86,5 cm2 V-1 s

-1

sequent measurements of R0 and xj of those

pmax = 1354,5 cm2 V 1 s-1 samples were used to calculate the diffusion

= mean impurity concentration coeeficient, mean impurity concentration, mean

mobility and electrically active chargebymeans
i = 0,91 of that iterative procedure suggested by the

Nref = 1,3 x 1017 cm 3  model described earlier in this paper.

It can be shown that for a long time diffu-

sion the junction depth, xj, is given by: 4. RESULTS AND DISCUSSION
Figure 1 shows experimentally determined

2 Qdose (4) junction dephts, xj, and sheet resistance mean
Xj - 4Dt & - -(4

CB 'i values RD , obtained for several samples over a

A linear function is obtained from xi x ;rt wide range of heat treatment times, compared

plotting,whose gradient dxj/dvrE allows thedif- with the simulated values produced by SUPREM I,

fusion coefficient D determination from rela- only with the purpose of a more detailed over-

tion (4): view about Sb diffusion on Si behavior:

/ =dx~ RD Xi
dT* Qdose 1/2 (5)

2 B 1 R (A' /O) SUPREMIr X +
B 7 0EXPERIMENT 0 0

The first step in an iterative calculation

between the relations (1), (2), (3) and (5),con- 20

siders that all implanted impurity is electri-

cally active, so that it is obtained the first

values of D, C, a, and Qel. Subsequent iteration 6.

calculations will allow to get theactual values 10

of D, C, V and Qel,when convergence is achieved.

As will be seen in the next item, using only 2.

the xj and Ro experimental data it will be pos-

sible to obtain results comparable with those 0 10 20 30 12 40

from another authors, whose experimental data _ V/T (min.) ..

were obtained from several technological facil-

ities, like RBS analysisMssbauer spectroscopy, FIGURE 1

Hall-effect measurements, and so on
2'3 . Comparison between SUPREM II and experimental

RD and xj values.

3. EXPERIMENTAL PROCEDURES PsSUPREM II has not an Antimony cluster mod-

All Sb implantation were performed in a home- el, the predict data are overestimated in the

made equipment, with an energy E - 100 Kev and sense that all implanted impurity is considered

dose 0 = 5 x 1015cm
-2, at room temperature, in as electrically active, and the experimental re-

a 70 off-axis direction, into silicon wafers sults are below those simulated; moreover, the
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saturation on RD experimental data indicates a tive fraction of Antimony, probably by the

saturation on Qel, due to the formation of ex- formation of precipitates2  or Sb-vacancy

tended defects like new Sb clusters or precipi- complexes2'4 .

tates during the heat treatment2 , not consid-

ered by SUPREN II.
From (dxj/d/T)EXP of figure 1 and using the

analytical model proposed on this work, it was

calculated the new diffusion coefficient D l.Ieldoa

value (0W 1,16xlO-llcm2.min-l), and consequent-

ly, the C, P and Qel parameters. Modyfying ,8

SUPREM II by introducing the new values of D .6

and Qel as the initial implanted dose, it was .4
obtained a good fit with experimental 

RD and

xi values, as illustrates figure 2 below: .2

R0 Xj 10 20 30 1/2 40

SUPREM 3r X + V1/2
(modified)

30 EXPERIMENT 0 0

X FIGURE 3

Qel/Qdose as calculed by the model proposed on
this work.

20 10. Although not presented here the mean concen-

e. tration, C, and mean mobility, -a, as calculated
X ' by the model6,seems to be in agreement with re-

60 sults from another authors2,3,8 .

5. CONCLUSIONS

l0 m In this work it was presented a very simple

0 1 0 3 4 analytical model, that allows to get informna-0 10 20 30 40'

I-~-i (min.) 2 -. tions about the electrically active fraction of

FIGURE 2 Antimony implanted on Silicon, taking into ac-

Comparison between modified SUPREM II and RD count only R0 and xj experimental data. The
and xj experimental values, results of the model have shown that the diffu-

Finally, on figure 3 it is shown the rela- sion coefficient of Antimony on Silicon is low-

er than that used by SUPREM II simulator, and) tion Qel/Qdose x /'t-, where two points must be

emphasized: that only a fraction of the initial implanted

-A 1 fl/Qde < I indicates that only a frac- dose is electrically active, as previously pub-

tion of implanted dose is electrically ac- lished by many others authors. The modification

of SUPREM II by introducing these new data al-tire, probably that one on undisturbed

substitutional lattice sites. This per- lowed a good fit with experimental RD and xj

centual result shown in figure 3 is in data.

good agreement with others authors
1 ,2,3

- the saturation of Qel/Qdose for long time

diffusion is an expected result, and indi-

cates a reduction of the electrically ac-
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P2.1.8

GLASS REFLOW MODELING FOR PROCESS OPTIMIZATION

A. TISSIER, A. PONCET and J.F. TEISSIER

CNET-Grenoble - France

I INTRODUCTION

PSG and BPSG are intensively used in - the angle, 9,
VLSI processes for their flow capability . - the thickness at the middle of
In a micronic multilevel metallisation the step, h,
technology, it is necessary to control the - the curvature radius, R;
flow annealing which tends to smooth the
topology, particularly in two places : the The first parameter being the more

gate overlap and the contact window steps . sensible to the reflow annealing, it is
In the literature, work has been mentionned chosen to quantify the viscous deformation.

which deals essentially with measurements on
SEN views of the tangential angle of the Experiments made on both gate overlap
layer at the step edge as a funtion of the and test pattern show that for O equal to 15
annealing parameters and the glass degrees, the planarisation is acceptable. We
composition [1],[51,[7]. A new approach is observe that even in simplest cases, it is
presented here, which combines experimental difficult to directly compare experimental
results with numerical simulations of glass and simulated profiles because of the
reflow, in order to predict the "optimal" dispersion, wafer to wafer or run to run, on
annealing, i.e. an increased planarity and a data related to the slab formation, i.e.
minimization of parasitic thermally activated thickness, CO, angle after etching and local

phenomena (dopant diffusion). Coupling SEN glass composition, therefore, it is necessary
measurements and numerical simulations allows to average data.
to process only one test pattern and,
furthermore, to extrapolate the results to The evolution of & according to the
any case. time is measured for different temperatures ,

and for various glasses. Let t denote the
annealing time which leads to 9=15 degrees.
t values are extracted from these

2 PHENOMENOLOGICAL STUDY OF THE VISCOUS FLOW measurements; next, ln(t) is plotted as a
function of I/T (figure 2).

In order to minimize the induced
technological dispersions, the simplest test From these curves it can be observed

pattern is chosen, i.e. a rectangular glass that :
slab (0.9 pm height and 4 pam width). After - the linearity of this function allows
cleaving , the geometrical evolution of cross to fit physical parameters related to glass
sections is studied by SEN measurements as a viscosity by carriing out linear regressions
fonction of the RTA parameters (T from 950 o (see sectson 3);
C to 1190 o C , t from 10 to 0 a) and the - moreover, when these curves are
glass composition (6% w/o P to 8.9% w/o P PSG superimposed with similar curves related to
and 5% w/o B, 5% w/o P BPSG). As depicted on other thermally activated phenomenon (here
figure 1 the glass reflow leads to the boror, diffusion) it is possible to identify
modification of the following three the optimal temperature range for a given
geometrical parameters glass.
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I
predicted under geometrical considerations
only [4]. Therefore, computer simulations-- are necessary, i.e. discretization of Stokes
equations. These equations can be summarized
as follows in the 2-0 case:

W P1. > .>

(3.1) v Div ( Grad V ) = - Grad p
--

and,

(3.2) Div V 0 in the material,

where V=(Vx,Vy) is the local
-b - -velocity, v is the viscosity

and p the internal pressure;

Fig. I- Geometrical n (3.3) Vx Vy sO (nan-slip condition)
- a -SEM vis (8.6% w/ P PSG, T-1190C. t-5. O2and 40s)
- b - Simulaion resuls compa ed h M view at t-20 s. on the interface between

glass and substrate,

4• PSG ISM
444 (3.4) Vx 0 (slip condition)

4- along symetry axes and
lateral sections,3.6

_ 32j (3.5) p Y / R along the free sur-

3 face, where Y is a surface
tension coefficient and R is

X : the curvature radius.

0. 5A 7 7.2 7A 7.t A major application of glass reflow
1o0oo/T simulation concerns contact holes; for that

Fg.2- Loguamofthel m.necessary togt8-1as a funcion ofl fT purpose, an axisymetric expression of the

equations has been set under a variational
form; 3-D affects have been clearly evidencedin numerical experiments: 9 becomes much

3 NUHERICAL SIMULATION OF GLASS REFLOW smaller when the radius of a contact hole

decreases (figure 3).
3.1 Viscous Flow Model

Under usual processing temperatures,
the viscosity of passivation glasses is 3.2 Viscosity Fitting
sufficiently high to assume that stationnary
Stokes equations are valid for modeling their The main advantage of the above model
reflow. The driving force is the surface is its linearity according to v/Y; this ratio
tension 18, which tends to smooth the free can be easily identified from experiments as
surface by increasing curvature radius in follows:
such a way that the cross section of any

bounded slab of glass tends to be a piece of 1. arbitrary v/Y ratio and time scaleperfect disk (figure 1). However, such final are chosen (let say v/Yal), then
shapes have no practical interest and are not computer simulation is performed;
valid for unbounded slabe, moreover,

intermediate stages can not be accurately
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2. numerical results are compared with boundary integral in the variationnal form of

measurements (figure 1) in order to the equations.
set the time scale which corresponds

to a given glass: let tn be the Impurity diffusion and glass flow

time necessary to reach a given O have been coupled in TITAN process simulator

value in the computer simulation, [3), in order to achieve technological

and to the corresponding time parameter optimization which has been

deduced from experiments; therefore, aentionned in Section 1.

the actual value of v/Y is tm/tn.

According to the two linearities

mentionned above, relation (2.1) can be 4 CONCLUSION

re-written, first:
A simple linear viscous flow model

(3.6) ln(t) = A + B/T has been presented in order to predict PSG or

BPSG glass reflow. A method has been

and then presented for identifiing viscosity

parameters for any given glass, in order to

(3.7) ln(v/Y) = A + B/T - ln(tn) optimize glass reflow, anywhere on the wafer.

which confirms the classical expression [2]: However, the application of this
approach depends drastically on the initial

(3.8) v/Y = uO . exp(E/kT) structure (composition, shape of the

slab,...) and on RTA parameters variations;

while giving an straightforward evaluation therefore, a general expression of viscosity

of uO and E parameters: versus temperature and glass composition

cannot be set as long as these data are not

(3.9) uO = exp(A)/tn accurate enough.

(3.40) E = k . B where k is the

Boltzmann constant. PSG
BPSG

By using measurements depicted on 6% 7% 8.6%

figure 1 for a 4 pm long and 0.8 pm high

step, this method leads to values for E and E (eV) 5.15 4.56 1.25 1.08

uO which are presented on table 1; however,Ithe reproducibility of the slab dimensions -- 13 -711 -2 1-:281
and of RTA parameters, the accuracy of u0 10 10 10 10

measurements and the temperature range are

too low to quantify the dependence of E anduO versus glass composition. TABLE 1. Viscosity parameter: from
fits between measurements (Fig. 1) and
computer simulation

3.3 Numerical Schemes And Computer 5 REFERENCES
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P2.1.9

MONTE-CARLO ION IMPLANTATION AND COMPOSITE

A.Barthel, J.Lorenz, H.Ryssel*

Fraunhofer-Arbeltsgruppe fOr Integrierte Schaltungen,
Artilleriestrasse 12, D-8520 Erlangen, Germany

Analytical methods for the description of ion implantation show good
agreement with experiment and Monte-Carlo simulations in most cases.
Problems arise with special geometries such as trenches. To be able to
simulate implantation and diffusion in such cases, a Monte-Carlo interface
has been added to the process simulation program COMPOSITE.

1. INTRODUCTION deposition. For the simulation of ion implanta-
To meet the needs of shrinking device tion, analytical equations are used for the

dimensions, process simulation programs are dopant concentration profiles. This includes
required which use accurate physical models for the well-known Pearson IV-distributions [3]
the simulation of process steps, use efficient along with range parameters from experiments
algorithms to reduce computing time and are for the vertical dopant concentration profile
able as well to deal with a complete process in one layer, a lateral convolution with a
sequence as to transfer the results as input Gaussian profile and a special multilayer model
for device simulation. These three requirements [4], which takes into account the different
are very hard to be fulfilled with one simula- stopping powers of the layers. In figure 1,
tion tool, as accurate process models very results obtained with COMPOSITE for an implan-
often require large computing time, for tation of 60 keV phosphorus at an A1203-mask
instance in case of Boltzmann transport edge are compared to results obtained using the
equation calculations or Monte-Carlo simula- widely used Runge model [5] (broken lines),
tions [1]. which assumes the same stopping power for all

In the following, the approach to ion layers. According to the Runge model, the A1203
implantation used in COMPOSITE [2] is briefly layer would not be thick enough to mask the
mentioned along with its limitations. The silicon. From the COMPOSITE-result it can be
Monte-Carlo interface which has been added to seen that the A C203 thickness is sufficient to
COMPOSITE is described and its application is stop the ions.

~shown.
s3. 

MONTE-CARLO SIMULATIONS
2. COMPOSITE Other methods for the simulation of ion

The universal two-dimensional process implantation such as Monte-Carlo simulations

simulation program COMPOSITE (omplete Modeling [1] require much more computing time in
Erogram Qf ilicon Technology) is a user- comparison to analytical models and are,
friendly and easily-portable tool for the therefore, not suited for permanent use in a
simulation of ion implantation, diffusion, process simulation tool. But they are very
oxidation, etching, lithography and layer important for the evaluation of analytical

*also: Lehrstuhl for Elektronische Bauelemente,

Universitit Erlangen-NOrnberg,
Artillerlestrasse 12, D-8520 Erlangen, Germany
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I7

1019 1020 cm3  descriptions of implantation profiles and for

0.5 L the simulation of implantations into geometries

which cannot be described adequately by

A'203 T I I .analytical models. One main point of interest

0.-0 -.. -.-. is the implantation into trenches in silicon.
0 - -Figure 2 shows the result from a Monte-

-1020 Carlo simulation with a modification of TRIM,

1019 TRIMSURF [6], of an implantation of 150 keV

1018 phosphorus into a 2 pm deep and 0.4 Am wide

1017 silicon trench. 200 000 particles were used for

Silin this simulation. In this example, a sidewall-
cm-3  doping by ions which have been scattered out of

one sidewall and have been re-implanted into

,__the other sidewall can be seen. This sidewall
0 0,3 0,6 pm doping is of great importance and cannot be

accessed by analytical models. Therefore, it is

FIGURE 1 very important to use such Monte-Carlo results

COMPSITE-simulation of implantation of a 1015 within general simulation tools.
cm- dose of phosphorus at an energy of 60 keV
near an A1203 mask edge.
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FIGURE 2

Monte-Carlo simulation of implantation of
phosphorus at an energy of 150 keV into a 2pm
deep and 0.4 pm wide silicon trench. 200 000
particles were used for this simulation.
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Mask M k

0.300 120 0.3001~0 0- ,. t Si3N4

1020 1019
1019 01018 . . .1017
101 Silicon cm- 3

cm"3  Silicon

0 0.18 0.36 gm 0 0.18 0.36g.m

FIGURE 3 FIGURE 4

Monte-Carlo simulation of implantation of Comparison of TRIMSURF and COnPSITk results
arsenic at an energy of 100 keY into silicon for implantation of a dose of 10 cm3 arsenic
near a mask edge. at an energy of 100 keY into a two-layer

structure near a mask edge.
Drawn line: TRIMSURF, broken line: COMPOSITE

4. USE OF MONTE CARLO SIMULATIONS FOR COMPOSITE calculations. The maximum of the lateral spread

To be able to transfer results from Monte- of the ions implanted does not coincide with

Carlo simulations to COMPOSITE, an interface the maximum of the vertical distribution. This

has been implemented. indicates the depth dependence of the lateral

First, some modifications to TRIMSURF have straggling, studied in earlier publications
been done. These includes the gathering of the [7,8,9]. Equations for this depth dependence

particle distribution data in a COMPOSITE- have been proposed [8], but they presently
compatible shape. Furthermore, smoothing by cannot be used for the simulation of ion

neighborhood averaging is done to reduce implantation in crystalline silicon, because

statistic fluctuations with the data: Con- they need not only vertical moments but also

centrations are recalculated as arithmetic lateral and mixed range moments, in total 8

means of the point in question and its eight parameters. The lateral kurtosis and the two

nearest neighbors. The dopant concentration mixed moments requested have not yet been

arrays are then stored to a file. measured or calculated for crystalline silicon.

Second, COMPOSITE reads these data from the Therefore, the depth dependence is not included
file and scales them according to the implanta- in COMPOSITE. For amorphous silicon, this

tion dose desired. model shows good agreement with Monte-Carlo

In figure 3, an example for a Monte-Carlo simulation [8].

simulation of an ion Implantation of 100 keV In contrast to figure 3, the silicon is
arsenic into a silicon layer near a mask edge covered by 45 nm S13N4 in the example shown in

is shown. The Monte-Carlo data have been figure 4. This is done to show the influence of
transferred to COMPOSITE. In the equiconcentra- a thin layer on the lateral spread in the

tion line plot the fluctuations in the third silicon substrate. Since the lateral straggling

and fourth contour line result from the limited in the nitride is smaller than in silicon

number of particles used with the Monte Carlo because of the higher density of nitride, the
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I.

neglected, it is worthwhile to transfer Monte-

Carlo data to COMPOSITE to perform the simula-

tion of further process steps.
Mask In figure 5, the COMPOSITE result of a 30

0.300 min diffusion at 1000C of the doping profile

cm3  Si3N4  0.255 from figure 4 is shown. The statistic fluctu-

ations present in figure 4 have been removed by

the diffusion.

1019 
5. CONCLUSION

1017 Silicon Though the analytical equations for ion

1016 __implantation used in COMPOSITE are able to

0 018 0.36 pm describe dopant profiles adequately in most

cases, the simulation of important effects such

FIGURE 5 as trench implantation and depth dependence of

30 mi diffusion at 1000 C of the Monte-Carlo the lateral spread presently needs time-

result shown in figure 4. consuming Monte-Carlo calculations. The Monte-

Carlo interface implemented in COMPOSITE allows

lateral spread of the implantation profile in now for introducing Monte-Carlo data into a

the silicon is reduced in comparison to figure process sequence.

3. Therefore, a multilayer model for the depth

dependency of the lateral spread is necessary. REFERENCES
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P2.1.10

EQUILIBRIUM iOLUBILITY OF ARSENIC AND ANTIMONY IN SILICON

R.ANGELUCCI, A.ARMIGLIATO, E.LANDT, D.NODILI, !.SOLMI

CNR - Istituto LAMEL, Via Castagnoli 1, 40126 Bologna, Italy

Equilibrium solid solubility of arsenic and antimony in silicon is derived
by Hall and resistivity measurements after suitable annealing. For both el-
ements, the solubility shows a linear trend versus reciprocal temperature.

1. INTRODUCTION film thickness ( 0.45 /um) was accurately

The knowledge of solid solubility of determined by a Taylor Hobson Talystep.

dopants in silicon is essential for a correct For Sb doped films the implantation energy

process simulation and is important for basic and dose were 150 keV and 2.lxlO16 at/cm 2

understanding. In the case of Group V dopants respectively, while As was implanted at the
16 2

largely scattered values are reported in energy of 100 keV, and dose 4.OxlO at/cm

literature for arsenic anA antimony. Moreo- Each composition was then separately heated 3

ver, the knowledge is exen poorer in the hours at 1100*C to recover the damage and

range 700t900*C, which is of high interest in redistribute the dopant. Specimens were

the future VLSI-ULSI processing. successively annealed for 1000 h at 6000 C,

A research activity on the solubility and then at temperatures incresing in steps of

precipitation of silicon dopants is nerformed 25*C up to 900*C and subsequently in steps of

since several years at LAMEL Institute. 506C up to 1300°C. To avoid out diffusion

Particular emphasis was given to the study of processes the first high temperature heat

electrically inactive phosphorus and arsenic; treatment was performed in a slightly oxidi-

an assessment of this problem was attempted zing atmosphere (90% nitrogen + 10% oxygen).

by Nobili a few years ago /I/. The carrier density and mobility were det-

This paper reports the results of accurate ermined by Hall effect and sheet resistivity

equilibrium carrier density determinations as measurements, using the Van der Pauw geometry

a function of temperature, performed on poly- defined with a photolitographic process. The

silicon films heavily doped with antimony and same techniques, alternated with stripping of

arsenic by ion implantation. The carrier silicon by anodic oxidation and etching, were

density was determined after annealing at in- used for carrier profile measurements. The

creasing temperatures, a time consuming average grain size of the polysilicon films,

procedure which, on the other side, is most after the high temperature annealing (11000 C,

suitable to accomplish with the equilibrium 3h) was checked by transmission electron

conditions, microscopy observations. The obtained values

were 0.9 /im and 0.2 /um for As a Sb, res-

2. EXPERIMENTAL pectively.

Poly-silicon films were deposited in a

chemical vapour reactor at 660*C, onto pre- 3. RESULTS AND DISCUSSION

viously oxidized single crystal wafers. The The carrier density plot vs reciprocal temps-
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rature for Sb doped specimens, which is T1900T[C
reported in Fig. 1, shows an initial decrease lT i I 1 9 I I

which can be attributed, as it is discussed Sb

below, to the formation of the conjugate

liquid phase. A minimum is ettained at 800*C .- 3h,1V0C

followed by dissolution which takes place E 3

with Increasing temperature. Equilibrium

values of the carrier density ne are obtained C 2

in the dissolution stage, above 850*C, after

a transient which is due to the size effect.

The equilibrium values of ne in the tempera- 10

ture range 850-1150°C follow very tightly the . "j
i law:

5 I I I I

n - 3.8x102  exp(-0.56 eV/kT) cm 7 8 9 10 11 1
e x 0 V/T .104N]

Above 1150°C the experimental n values show FIGURE 1

a deviation from this trend. This was expec- Carrier concentration vs reciprocal temperatu-

ted as in the Si-Sb equilibrium diagram the res for Sb doped samples.

conjugate liquid phase undergoes a drastic

reduction of the content of antimony /2/. Arsenic are in very good agreement with the

The results obtained on As doped specimens ones obtained by carrier profiles measurements

are shown in Fig.2, which reports the carrier after equilibration annealing of single

concentration as a function of reciprocal crystal specimens implanted with different

temperature. In this case, due to the higher doses of the dopant /5/. These experiments

diffusivity of arsenic with respect to anti- T [*C
mony, the minimum was attained at a lower 1100 900 7005 I I I I I I
temperature, about 650*C, and equilibrium

values of the active dopant were obtained for As
T > 700*C. In the temperature range 700-900C 2 3

the corresponding equilibrium carrier density H

n is given by: >

* -2.x1
22  -3 wne - 2.2 22 exp(-0.47 eV/kT) cm-L"

These figures coincide with the ones reported -,, 120
by Hoyt et al. /3/, obtained by a fitting of

literature data. A deviation from the above
trend is observed in Fig.2 at higher tempera-

tures, a result which Is unexpected conside- 5 , I

ring that the eutectic temperature is 7 8 9 10 11

1097C /4/. We point out that the value at 1/T.10 4hK]

1100C in Fig.2 coincides with the one after FIGURE 2

the initial 3 hours ennealing at this temn- Carrier concentration vs reciprocal temperatu-

perature. The above equilibrium values of re for As doped qamples.
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showed that the carrier density after thermal

equilibration depends only on temperature and

is insensitive to excess dopant. We concluded
fro this results, which are supported by the

occurrence of reversion and by TERq and SAXS

exainations. that the equilibrium carrier

density corresponds to the solubility. The

same conclusion was reached also in the

case of antimony by additional experiments

performed on the same line, i.e. accurate

carrier profile measurements after equilibra-

tion at 1100C of single crystal specimens FIGURE 4

implanted at 160 keV with three different

doses of the dopant. The results are shown in Dark-field TEM Ticrosgaph, showing Sb precipi-
tates in a 2x10 cm implanted sample, an-

Fig.3 for an annealing time of 4 h. nealed al ll00C for 4h.

1022 sed by increasing the supersaturation. In

1 016 -'2 - Fig.4 is reported a dark-field image of these

E A£.xlO.*CK2 particles, taken in a sample implanted with

21 1 %5x016 cn 2  2x10 6 Sb/cm2 " They have the structure of the
hexagonal antimony, as deduced from electron

0 AS IMLANTED diffraction patterns.

High temperature data, above 1100*C, for As

z100 are not reported in Fig.2 because we verified

() j that they were affected by the cooling rate.
oz . This phenomenon, which is attributed to addi-
C.) jI. M6 tional precipitation taking place in the

UI 10 cooling stage, is more effective in polycri-
-stalline specimens. In fact dislocations and

grain boundaries enhance the diffusion and

10 nucleation kinetics of the dopant, a feature

0 02 0.4 Q6 which, on the other side, makes polycristalli-

X [IPm] ne films more suitable to obtain equilibrium

FIGURE 3 values in the low temperature range.

We point out that this phenomenon was not
Carrier concentration profiles of Sb doped
specimens implanted at different doses and appreciably observed in antimOny doped speci-
annealed at 11009C for 4 h. The as-implanted mans, very probably due to the lower diffu-
distribution for the lowest dose is also
reported. 8ivity of this dopant.

The accuracy of our solid solubility data
TE observations performed on these for Sb, which correspond to the equilibrium

samples evidenced the presence of a high carrier density values in Fig.1, made possible

density of Sb particles, having a @I a which to analyze in more detail the phase equilibria

decreases with increasing the implanted dose. for the Sb-Si system.

According to the classical nucleation theory Experimental determinations of the liquidus

/7/, the density of the precipitates increa- curve in the phase diagram were performed by
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T feC1 lution into silicon: from the exponential

_An o 1W0100 100 9W0 dependence in FiZ.5 a value of 13.4 Kcal/ mol

"i 10-  [ i [was determined for the relative partial molar

entalphy Hsb-Hsb, and respectively -4.7 e.u.

>: for the relative partial molar excess~0 ][8
> entropy (Ssh-S~b
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Sb Sb Solml, S., J. Electrochem. Soc. 130

reported vs reciprocal temperature in Fig.4; (1983) 922

the precise exponential dependence which is
/6/ Thurmond, C.D., and Kowalchik, M., Bellverified in the whole temperature range is aSytThJ. 39(60 19

Syst.Tech.J., 39 (1960) 169

clear confirmation of the solubility data in
Fig. 1. In addition this analysis provided /7/ Christian, J.W., "The Theory of Transfor-

mations in Metals and Alloys", Pergamon

thermodynamic data for antimony in solid so- NY, Chapte. 6 and 10, 1975
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j P2.1.11

DIFFUSION AND SOLUBILITY OF GOLD IMPLANTED IN SILICON

S.Coffa,L.Calcagno and S.U.Campisano

Dipartimento di Fisica,Corso Italia ,57 -Catania

G.Calleri and G.Ferla

SGS Microelettronica-Stradale Primosole - Catania

Diffusion and solubility of gold implanted in <100> p-type silicon have

been investigated by Rutherford Backscattering Spectrometry and spreading

resistance techniques. The gold concentration profiles are U-shaped and the

concentration at the middle of the wafer thickness (Cs) is proportional to

the square root of the diffusion time in agreement with the kick-out

mechanism. The diffusion coefficient Di(see text) is well described by

DI 7.0*10 3 exp(-1.61/kT) cm2/sec in the temperature range 1173-1373 K. The

entropy factor associated to the ionization of the gold donor level has

been determined to be 28±2.

1. INTRODUCTION 2.EXPERIMENTAL

The diffusion of gold in silicon P-type <100>oriented silicon, 20 Ohm-

has been widely investigated [1,2] cm resistivity is used. The wafer
because of its technological thickness is 620 pum and double

applications such as controll of the polished wafer are used to avoid

minority carrier lifetime. The gettering of gold by the rough

electrical parameters of Au doped surface. Gold implantation is

silicon are of great interest in performed by means of 120 KeV Au ions

silicon power devices [3]. Gold is and the doses are in the range 1012_

normally diffused in silicon starting 5*1015 atoms/cm 2. The thermal

from a thin (-300 A) layer deposited processes are carried out under

on the surface and the concentration nitrogen flux in the temperature

profile is determined by the thermal range of 1173-1373 K.

process. The introduction of gold by

ion implantation will result in a Rutherford backscattering spectrometry

better control of the gold amount in (RBS) of 2.0 MeV He beam is used to

the wafer,especially close to the mee ire the amount of gold in the near

surfaces I.e. in the electrically surface region (1000 A) of the

active region of most devices, implanted wafer,the difference between
the measurements before and after the
thermal process resulting in the total
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amount of gold diffused into the final results and can be neglected.

wafer. The RBS technique cannot give

informations about profiles at large

depths that can be instead obtained
by spreading-resistance 141 technique

based on the compensating effect of 
.

- i hr

the two gold levels on the siliconconductivity[5.. a! 0 3 br

For spreading resistance measurements ooooaooooooS.

the samples are mounted on a bevel 0 *A

block with a bevel angle of 5"44' A'..*

which gives a depth resolution of 5 
&

Pm. Two tips are then leaned on the

surface with a controlled pressure and 
0 100 S0 300 400 goo

the application of a small voltage 
Dpth Iml

makes possible to measure the

spreading resistance value.
Fig.l-Resistivity profiles at 1243 K

for different diffusion times.

3.RESULTS AND DISCUSSION
The solution of (1) and the mobility

Spreading resistance measurements (R.) values given in ref. 7 lead to the

are shown in Fig.l for 1243 K diffused relation between the resistivity and

samples. The resistivity (p) values the gold concentration ,which is shown

are obtained by appropriate in Fig.2 for different XD values. As

calibration performed by using it appears the XD value strongly

homogeneously doped samples and the affects the conversion resistivity -

experimental data are fitted by gold concentration. Because of the

RO-870 p0.98. To convert resistivity

into gold concentration it is

necessary to solve the charge 00

neitrality equation in the form ... 0

30

+ (1N 40
p + NAu n + NA NB

where p and n are the holes and X P

electrons r)ncentration , N+ and NA.

are the concentrations of the "

positively and negatively charged gold a"

atoms and NB is the concentration of 10

boron in the substrate. The values of 1013

N and NA1 depend on the entropy Gold Concentration (atoms/cmNAu A

factors of both donor and acceptor (XD

,XA) gold related levels [6). For the

adopted wafer doping and gold Fig.2-Silicon resistivity versus gold

concentration the gold acceptor level concentration for different XD

has a negligible influence on the values.
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large spread of the XD value existing where i is a silicon interstitial. The

in literature [8,9,10,111 such two mechanisms lead to a different

conversion is affected by large trend of the gold concentration at the
uncertaties. Using the calculations center of the wafer thickness (C)

reported in Fig.2 the resistivity versus diffusion time t). The kick-

profiles have been converted into out one predicts that Cm increases

concentration profiles and the total according to

amount of gold into the wafer (area

under profile) has been determined as Ca-Ceqx21d(rD t)1 /2

a function of XD as shown in fig 3.

The value of the area for each thermal where d is the sample thickness ,Cq

process is determined by RBS the solubility limit and DI is an

measurement. It is thus possible to effective diffusion coefficient given

determine the XD value which is found by

to be 28±2 . Gold diffuses in silicon

by migration of the fast interstitial D*-DI Ceq/Ceq

atoms that can jump to substitutional

positions. Two different mechanisms Ceq and D1 being the equilibrium

have been proposed for the interchange concentration and the diffusion

between interstitial and coefficient of silicon interstitial

substitutional position. In the Frank- respectively. In Fig.4 we report Cm

Turnbull mechanism [12] the reaction as a function of t 1 / 2  : the

is given by agreement with the kick-out mechanism

is rather good and we can estimate the

Aui + V C Aus  effective diffusion coefficient for

the investigated temperatures. An

where V is a vacancy. In the kick-out Arrhenius plot of D, is reported in

mechanism [13] , Fig.5 and the data are fitted by the

relation

Aui - Aus + I

4£O /4r 0- T -143 K

3" 1 2£" " '" I

Tim I0 Il

7-7,2.0-

o 7,' -

M , -

00

00
020 40 ULU.lid"Entropy Factor

Fig.4-Gold concentration at the center

of the wafer thickness (Cm) as a

Fig.3-Total Au concentration (at./cm 2) function of diffusion time for

at 1243 K as a functic-i of XD. different temperatures.
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D - 7.0*10-3 exp(-1.611KT) 032/sec REFERENCES

shown as solid line in fig.5. [11 W.M.Bullis, Solid. State El. 143

(1965) 9

Tempomture 1C)
'o. , 11o 900 [2] U.Gosele,W.Frank, A.Seeger Appl.

Phys. 23 (1980) 361

[3] J.Baliga and E.Sun I.E.E.E.
Trans. El. Dev. 24 (1977) 685

S 10o9 [4] E.E.Wang "Impurity doping
processes in silicon" North

F.2 - \Holl. Amsterdam (1981) pag. 552

Di.M-.0.lexp-I.61/KTJ =2[5] S.D.Brotherton, J.Bickell J. Appl.

Phys. 49 (1978) 667

8 9 10 11 [61J.A.Van Veehten and C.D.Thurmond
I1KT IeVI-' Phys. Rev.14 (1976) 3539

Fig.5-Arrenius plot of the effective [7]C.Jacoboni,C.Canali,G.OttavianI

coefficient Di(see text). andA.A.Quaranta Solid State El.

20 (1977) 77

4. CONCLUSICNS [8] S.D.BrothertonJ.E.Lowther Phys.
Rev.Lett. 44 (1980) 606

By using gold implanted samples we

have investigated the diffusion [9] R.Kassing, L.Cohausz, P.Van Staa,

process of gold in silicon. Our data W.Mackert and H.J.Hoffman, Appl.
are in reasonable agreement with the Phys.A 34(1984)41
kick-out mechanism. The activation

energy for the diffusion and the [10] J.A.Pals Solid. State Elec. 17
entropy factor of the gold related (1974) 1139
donor level have been determined and
they result 1.61 eV and 28 (11]N.A.Stolwijk,J.Holz and W.Frank
respectively. Appl. Phys.A 39 (1986) 37

[121F.C.Frank and D.Turnbull Phys.
ACKNOWLEDGEMENTS Rev. 104 (1956) 617

The work has been supported by [13] U.Gosele, F.Morehead,W.Frank and

Progetto Finalizzato "Materiali e A.Seeger Appl.Phys.Lett.38 (1981)
dispositivi per l'elettronica dells 157

stato solido" (CNR).
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P2.1.12

OPEN STENCIL MASKS FOR ION PROJECTION LITHOGRAPHY

L.-N. BUCHMANN, L. CSEPREGI, and K.P. MOLLER

Fraunhofer-Institut fUr Mikrostrukturtechnik
Dillenburger Str. 53, 0 1000 Berlin 33, West Germany

A processing scheme for the manufacturing of an open stencil mask has been set up by
application of silicon technology and only one single X-ray lithography step for
pattern generation. The mask fabrication is fully adapted to the demands of an ion
projection lithography equipment by IMS. It has been proved that this mask technolo-
gy permits solid structures of a complex geometry with high pattern fidelity.

1. INTRODUCTION 2. PROCESSING SEQUENCE

Ion projection lithography promises to be a 2.1 Preparation of the Membrane
successful method yielding structures in the The production of the thin membrane (Fig.
0.1 pm range /1/. To achieve the optimum gain 2) followed the same process schedule as ap-
from this system open stencil masks should be plied for the absorber masks in X-ray lithogra-

used which are designed to fulfill the special phy /2/. A P-doted 4" silicon wafer served as
requirements, i.e. adapted to the ion beam di- the substrate on which a silicon layer of 2 to
vergence, the tension by thermal stress and 3 pm, containing boron and germanium, was depo-
the sputter yield by particle bombardment. A sited epitaxially +. Subsequently, a silicon
silicon membrane with a nitride top layer nitride layer of 0.12 pm was precipitated by a
(Fig. 1) revealed to be most suitable for this LPCVD process which is essential for pattern
purpose. definition later on. Because the tensile

Considering the demands of an INS ion pro- strength between nitride and silicon layer is
jection lithography machine the fabrication of very pronounced additional "impurity" atoms
an open stencil mask will be given. Pattern were implanted , which lowered the stress con-
generation was performed by X-ray exposition, siderably by rearranging the lattice of the
whereas the general processing is well esta- nitride. When omitting this step, the membrane
blished in CHOS technology, cracked in the concluding etching of silicon

yielding debris of coiled up fragments.

SiN, The thin membrane was prepared by a two-
step process. Starting with an isotropically

Si eroding mixture of different acids (HF, HN03,
CH3COOH) a smooth transfer from the original

backside of the wafer to the brim of the foil
• was formed followed by applying an ethylenedi-

20mm aminepyrocatechol (type S) etching agent remo-

ving silicon till the highly boron doped layer

was excavated. With different covering masks

FIGURE 1 windows corresponding to the geometry of the

Schematic cross-section through an open sten- intended ion transmission area could be set.
cil mask for ion projection lithography genera-
ted from a 4" silicon wafer (0.5 m thick).
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Si wafer P doped

2. 5 lan SI
epitaxial layer
B/Ge doped

0. 12 ion LPCVO
nitride deposition

nmambrane preparation

FIGURE 3
_e-ided P R

gfarx-ray Pattern fidelity of HPR on the backside of the
membrane after exposition to synchrotron radia-

* * * $ ** * ** *t tion and development (SEM).
r-1 rirl inafter resist deveoiemnt

RIE of SIN (CHF 3 tO2p

2.3 Pattern Transfer - Opening of the Mask

FIE of Si (SFI CHFIJ Pattern transfer into the nitride layer of
the topside of the membrane, i.e. the face the

ion beam impinges on, was performed by an RIE
resist stripping process in a batch reactor (AME 8111). Employ-

ing a CHF3/02 discharge the nitride was patter-

vp ,deoiion of ned yielding bias-free side walls without poly-

aconductive layer mer depositions. Thus, the exact pattern defi-

nition could be obtained (Fig. 4).
For the purpose of mask opening a second

FIGURE 2 RIE process using the fluorine containing com-

Process scheme for open stencil masks ponents SF6 and CHF was determined. Etching
63

with chlorine (BCI3/C12 or CCI4 ), although ge-

nerally in practice, would have required a
2.2 Pattern Generation by X-Ray load lock on the apparatus .and, therefore, a

Lithography sophisticated system to handle the fragile

The pattern was generated by exposing an foils.

* HPR resist with synchrotron radiation through This process has been optimized to form the

an absorber mask. For details concerning manu- tilted sidewall corresponding to the divergen-

facturing of the mask and the conditions of ce of the ion beam. The intended angle of 84"

exposure see /3/. Due to the transparency of could only be obtained by sufficient sidewall

the membrane the pattern could be-transferred passivation by species from the resist and the

with coincidence into resist layers spunned on plasma. CHF 3 undergoes ion-molecule reactions
both sides of the foil by only one exposure in the plasma by which species of a high mass
step. The pattern fidelity of the backside number (precursor to polymer formation) were

test structures were routinely checked in a originated. Therefore, the CHF3  flow was

light-optical microscope. Fig. 3 shows a corre- varied in order to deposite a protecting

sponding SEN micrograph. layer, whereas the SF6, the main source for
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FIGURE 4 FIGURE 5

Pattern transfer into the nitride layer by an Sidewall protection of silicon by polymers
RIE process (CHF3/02). HPR was stripped in ace- from the resist and the CHF3/SF6 plasmatone., )

the highly reactive F atoms, was responsible

for the amount of the etching rate. The best
approach was obtained balancing these two ef-
fects with a ratio CHF 3:SF 6 of 1 (Fig. 5).

Further consideration had to be put on the

thermal stress of the membrane and, especial-

ly, the resist by the etching process. Because

the thermal conductivity of the delicate net-

work is low, the transition from the wafer to

the support was improved by a metal plate, to

guarantee a better drain for the heat.

Due to the high selectivity of the silicon

etch process with regard to the nitride an

overetch could be applied to open the intended

fields all over the active mask area without

affecting the shape of the nitride sidewalls.

Fig. 6 depicted a tapered structure obtained

by etching silicon with the submitted process.

Finally, the resist was rinsed in acetone FIGURE 6

and a gold coating was deposited on the mask Tapered sidewalls of silicon test structures

to prevent charging. Fig. 7 shows a 4" wafer proposed to serve as a mask for ion projection
lithography. The resist has already been dis-

with a 35 mm diameter membrane, which has an solved in acetone.

open area of 35%.
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tern definition has been performed in a ni-

tride layer, whereas a special profile in the

supporting silicon was arranged by an etching

process with compounds containing fluorine.

For compensating the stress between these two

layers an additional doping process of the si-
licon has been developed.

ACKNOWLEDGEMENTS
This work was funded by the Ministry of

Research ana Technology of the Federal Re-

public of Germany and by the Siemens AG,

Munich.

NOTES

/+ / Boron in a concentration of 1020cm3 can
FIGURE 7 terminate the chemical etching of silicon with

an EDPS solution and thus forming the membra-
Total view on a 4" mask with an active area of ne. Germanium has been admixed for the purpose

35 mm in diameter. The high transparency demon- of internal stress compensation.
strates the extreme thinness of the membrane.

3. CONCLUSIONS REFERENCES

Open stencil masks carrying test structures

in the pm-range and below could be obtained by /I/ Loschner, H., Ion Beam Lithography, This
Conference

applying X-ray lithography for a self-aligned
ih /2/ Hersener, J., Herzog, H.-J., Csepregi, L.,pattern gon a wt Microcircuit Engineering 84, Academic

resist on both sides and a pattern transfer Press 1985, p. 309

splitted into two RIE processes. The -.act pat- / Heuberger, A., Microcircuit Engineering
86, North-Holland 1986, p. 3
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P2.1.13

A NEW ISOLATION PROCESS FOR VLSI DEVICES

E. Figueras*, U.. Coppee and F. Van de Wiele

Universitd Catholique de Louvain, Laboratoire de Microelectronique
Place du Levant, 3
1348, Louvain-la-Neuve, Belgium

In this paper we present a new zero-bird's beak process which, with an additional
photolithographic step, substitutes the thermal fully-recessed field oxide for a CVD oxide.
With this process we have fabricated devices which present a very small narrow
channel effect. Moreover, the use of a reference mask increases the process
reproductivity and reduces the probability of the double-threshold voltage effect. The
cross-section and electrical results are presented.

I.INTRODUCION oxidation is carried out to improve the quality of
To overcome the difficulties of LOCOS process in the SiO2 /Si interface. After the channel-stop

VLSI, several new isolation technologies [1-4], implantation, a SiO 2 layer, with an equal thickness

which employ a deposited oxide as a fully recessed (or little more) to that of the Si groove depth, is

fietd oxide, have been proposed. From these deposited by CVD(I) (Figure L.a). A polysilicon layer

technologies, the BOX process [2], which uses an is deposited and etched by plasma with the help of
additionnal mask step and a double resist an additional resist mask which protects the
ps.tterning technique prior to a planarization polysilicon in the field areas (Figure L.b). The
etch-back, is the most interesting, Nevertheless, its grooves between the polysilicon I and the oxide
major drawback is that the thickness of the resist walls are refilled with a second polysilicon layer

may be different for various layout designs. As a (Figure l.c). Figure l.d shows the stucture after
result of that, the field oxide thickness may vary in polysilicon 2 etch-back and Si0 2 etching. During

different areas E5]. the last step, the nitride, the polysilicon and the
In this paper, we present a new BOX pad-oxide layers are removed to obtain the

process,which allows us to obtain a uniform field desirable structure.

oxide independently of the layout design by using Figure 2 illustrates the utility of the nitride
an additional photolithographic step and two mask. This layer is used as a refer-nce mask. After

polysilicon layers. it has been removed we are sure that all the active
areas in the wafer are recovered with the same

2.PROCESS oxide thickness, independently of the

The starting material is <100> orientated. 14G.cm misuniformity during polysilicon and oxide

p-wafers. First, a pad-oxide is grown and a nitride etching steps. The better the uniformity is, the
layer is deposited. After a photolithographic step to thinner the silicon nitride layer can be. The

delineate the active regions both layers are etched. choice of the reference mask material is limited by
The reasons to use the nitride layer will be three drawbacks: it may not be oxide, it must resist

discussed later. Then grooves are etched in the KOH solution, it must be stable at high temperature.
silicon substrate with a KOH solution up to a depth Therefore we have chosen silicon nitride.

of 0.5 gtm, using the nitride film as mask. A thermal Moreover the reference mask must assure a

*E. Figueras is financially supported by the National Microelectonic Center (Education
and Research Ministry, Spain)
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a) A P.M. 1

reference mask

(&P.M.)~~~ ~~~ Ox xd &x) thn tp.

b)
POLYKJCON I

FIGURIE2

The reference mask serves to correct the
C) misuniformity produced during polysilicon mask

(AP.M.) and oxide (AOx.) etching steps.

can be seen that there's no bird's beak formation

and that the field oxide thickness is uniform

(except at the edge).

To present the electrical results of BOX technology,
we will compare them with the results of SILO

technology, wich furnish better characteristics

d) than LOCOS[6]. Both technologies were carried out

POL.YS.ON with the same test circuit and with natural

transistors wich present a more important
reference mask narrow-channel effect than enhanced ones due to

IQ the lower doping level of the channel.

e)

CVOXIDE

FIGURE 1

Fabrication process steps.

small positive transition step between the active

and the field areas which will reduce the double

threshold effect[5].

FIGURE 3
3.RESULTS

cross-sections, Figures 3 and 4 show Field oxide area. The top of the structures is covered
The SEM -with 0.3 jtm polysilicon to evidence the oxide

the structures obtained following our process. It profile.
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FIGURE 4 0 (333 1U0 1

Active area with W- 1.3 gtm. I I I - I I I
1 2 5 10 20 50

CHANNEL WIDTH (jim)

TABLE I FIGURE 5

PROCESS DOSE (cm-2 ) THRESHOLD MV Narrow-channel effect. The respective field oxide
threshold are, BOX: 9.7v, SIL01: 12.4v, SEL02: 6.5v.

SILOl1 2 E13 12.4

SILO 2 1 E 13 6.5

BX 1.6 E 12 1 9.7 _jLog(I) (Amp)

Table I shows the field implantation dose and -5VD. 5.0 v

the field oxide threshold voltage for each structure. -6 VD- 0.5 v

The threshold voltage is defined at ID=lE-6 A for a .
parasitic field transistor with W/L= 100 gtm/20 Itm.

From Table 1, we can deduce, that for the same

field threshold voltage, the dose used in BOX is ten

times lesser.Thereby the narrow-channel effect is -1 0

nearly suppressed, as shown in Figure 5. 1
The subthreshold curves (Figure 6) are plotted

for different drain polarisation (VD= S.O)v and 0.5v) -12

and clearly show the absence of double-threshold -1 3

effectf 7], which can appear in the subthreshold
" LL I r

characteristics of devices isolated with a BOX field -0.6 -0.2 0.2 0.5 1.0
oxide[ 1].

VG (Vohts)

4.CONCLUSIONS

We have presented a new technology viewing. to
FIGURE 6

obtain a field recessed CVD oxide, ensuring the

oxide uniformity independently of the Subthreshold characteristics of a transistor with
WA.- 1.9 ILmflO pmE. No double-threshold effect is

layout.Moreover the use of a reference mask shown. VS. Ov. VB- Ov.

. .- .....- .. ..



eliminates doub] e- threshold effect because it [2) Shibeus.T.. Nakayama.R.. Kurouwa,K., Ong&, S.,
prevents silicon steps in the active area edge. All Konaka.M., lizukaH., A simplified BOX (Buried

OXide) isolation technology for Megabit
that prove the advantages of using CVD oxide as dynamic memories. IEEE IEDMf Tech. Dig..

field oxide for VLSI circuits. paper 2.3,1983.

(3) Chen.J.Y.. Henderaon.R.C., Hal.JT., Yee, E.W.. A
AaCNOWLDGEME~rS fully reassed field isolation technology using

photo-CVD oxide, IEEE IEDM Tech. Dig. ,paper
We will express our sincere gratitude to the 9.5, 1982.

technical staff of our laboratory for their effort to [4) Yachi.T.. SerikawaT.. J. Electrochem. Soc., vol
carry out this process. and Dr. F. Serra-Mestres of 123, No 11 (1985), 2775.

the C.N.M.(Spain) for his firm support and (5 OldhamWG, Shachman-Diamand,Y.. Ps.P. L.,
encouragement. Young.K.. SutardjaP., MOS isolation

technology. Proceedings of the 14 th European
Solid State Device Research Conference
(ESSDERC), 1984, p.53.

NOTES
16) lizukaT., Chiu,K.Y.. Mollj.L., Double threshold

(1 )We use a PYROX machine to deposite CVD MOSFET's in bird's beak free structures, IEEE
oxide. IEDM Tech. Dig., paper 16.3, 1981

[7] Coppee... SILO Isolation Technique: A Study
REFRENCES of Active and Parasitic Characteristics with

Semi-recessed and Fully-recessed Field Oxides,
[11 KurosawaK., Shibata.T.. Iizuba,H., A new bird's in print.

beak free field isolation technology for VLSI
devices, IEEE IEDM Tech. Dig.,paper 16.4,1981.

4 476



P2.1.14

OXIDATION INDUCED LOCAL CHANNEL DOPANT ACCMMLATION

C. Mazur6 and M. Orlowski

Siemens AG, Corporate Research and Development
Otto-Hahn-Ring 6, D-8000 MUnchen 83, West-Germany

The influence of the reoxidation after gate patterning on NMOS transistor
characteristics is investigated. As the channel length La is reduced the
devices exhibit a reoxidation related Vw increase. This V, variation is
explained by a non-uniform oxidation enhanced diffusion of the channel
dopant along the channel.

INTRODUCTION EXPERIMENTAL RESULTS AND DISCUSSION

In order to maintain long channel It is found that the threshold voltage

behaviour at submicron channel lengths V, increases as La is reduced in the

( Le S 1.0 pm) high doping case of reoxidation. The VT increase for

concentrations in the channel region are different channel implants is shown in

required. We consider the case w7here Fig.l. Note that there is a Vw increase

this is achieved by a double channel already for La S 3 pm. It is a long

implant. For punchthrough reduction a range effect. In Fig. 2 the effect of

high dose deep implant is used. the reoxidation time tnnox on VT is

Consequently the channel profile shown. The channel implants are the same

exhibits a maximum in the bulk. in both cases. The difference dVT refers

After the gate patterning etch a to the maximum Vw value minus the long
reoxidation step may follow prior to or channel (La - 10 pm) V. value.

after the LDD implantation. In this work In principle a VT increase could be

we focus on the NMOS transistor related to the bird's beak at the gate

characteristics due to the influence of 1.0

this particular oxidation. v
0..

DEVICE FABRICATION

n -poly-Si-gate n-channel transistors I .

with conventional LDD technique were
used. The gate oxide thickness was 0.7 REOX: 40min,900C.dry

20 nm. After gate patterning a dry > channel implants:

reoxidation at 900-C was performed. The 0 deep (70kV): 2.ld 1cnri e
following cases were investigated: a) a 5D -10cCfl z 0

40 min reoxidation prior to phosphorus- s VDs-5V

LDD implant and b) a 8 min reoxidation vs-0

before and after the LDD implant. In .is pm i as
both cases the total processing time at Lg -

900C was the same. The junction depth FIGURE 1:

was approximately 0.35 pm. Threshold voltage vs channel length
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iN 'channel to vary according to the lateral
AVT=VT(Lg)-VT(Opm) interstitial decay length Ix. A

VV REOXs:C dry schematic diagram is shown in Fig.4. It

Ix \ Vs. OV follows that even for very long channels

tRiox=4Omi, \ V- will be slightly enhanced compared
with the laterally uniform channel

> profile case. A similar Vr behavior has

been observed for DI-LDD transistors due

to the deliberate boron halo
tREox=16min implantation, however for much shorter

channels, Loa0.5 Im /2/.

As L0 is reduced below 2*lI the regions
1 Is PM M of enhanced C. are expected to merge
Lg -

leading to a further Vw increase. TheFIGURE 2:
Threshold voltage variation vs channel onset of the Vw increase determines the
length. lower bound for lx. From Fig. 1 and 2 we

~have 2"ix.3 m in agreement with the
edge due to the reoxidation. An increase

of t,.ox could induce a further V. values reported in the literature for

increase. But it does not fit to the lx /1,3/.

long range character of the effect we

observe. Furthermore the bird's beak In Fig.3 the simulated 1-D vertical

lies within the n--region. Samples made doping profiles are shown for the case

without channel implant in highly doped where the oxidation is treated as an

inert anneal (solid line), and when OEDsubstrates showed no Vw increase for

channels as short as Li - 1 pm for tazox 1g, ,

= 40 min before short channel effects SUPREME SIMULATION

took over. Channe proi.e afte R.o.,drio 00: c.40.
Cmi

We explain the Vv enhancement by a

non-uniform dopant redistribution along
nOED V; .0.8 V

the channel region near the surface due .
to the reoxidation step. During gate -

reoxidation a local oxidation enhanced 16 \ 080 V-0S8 v

diffusion (OED) /l/ occurs. The channel $
dopant diffusion is not only enhanced

Cunder the oxidized region but also in o
0

the adjacent unoxidized channel area. e
The channel profile has its maximum in
the bulk as shown in Fig.3. Therefore

the lateral injection of the institials 1 0.2 0.4 8A Pm 6.3

leads to a local enhancement of the depth -

boron diffusion normal to the surface. FIGURE 3:
We expect the lateral increase of the Simulated vertical profiles with and

surface concentration Ce along the without ORD.
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.- _Lg/ 2  and sign of the gradient of the channel
REOX profile at the surface. In our case

(Fig.3) the positive gradient Will
interstitial _---Gate induce a lateral increase of C. which

Gate Oxide acts as an additional surfaceGate Ox punchthrough stop.

1.7 Therefore by controlling the

17concentration gradient it should be
C ipossible to control dV,. Fig. 5 shows

1 the dV dependence on the implant energy

tfg/2 En" of the deep implant for a constant

implant dose. With increasing En' the~FIGURE 4:
Schematic diagram of lateral Co. concentration gradient diminishes, thus

reducing dV. . In Fig. 6 the calculatedis included (dashed line). The latterSdVw as function of E.- and of the
profile represents thus the channel

concentration gradient is shown. Noticeprofile near the gate edges. The solid the good qualitative agreement with the
line profile, on the other hand, experimental data from Fig. 5. There is
corresponds to the vertical profile a tight correlation between dV.. tREox
halfway between source and drain for La and the gradient of the channel profile
> 2*l,. The experimental data for dVw at the surface.
and the simple model predictions are in
satisfactory agreement (Fig.5 and 6). As a positive gradient helps improve

the short channel behaviour, the

Since the concentration gradient 6Cs/8x opposite happens for a negative
is the driving force for the doping gradient. In this case the short channel
redistribution, the local increase or
decrease of Co depends on the magnitude pc/ax (0cfl')

166 7.4 6.2 3.2

SUPREME SIMULATION
8OVT (LgaO.8pm,1m) 4VT (OED, no OED)mV my a loll: criV

Vo; t5V

1. S• vI =v- -.

100

REOX: 35min,900C,dry REOX 35min, 900-C. dry

70 to 3 keY M 70 to 10 keY IS

FIGURE 5: FIGURE 6:
Threshold voltage variation vs channel Simulated threshold voltage variation vs
implant energy. channel implant energy and concentration

gradient.
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Simulated OED efects for a shallow channel
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effects are enhanced. Fig. 7 shows an

example of the channel implant with its

concentration maximum at the surface. In

this case the oxidation step would

deteriorate the V..(Lo) behaviour.

SUMMARY

We have shown that a reoxidation

step after gate patterning induces a

lateral non-uniform redistribution of

the channel dopant. This redistribution

is due to the local ORD effect which

affects strongly the short channel

behavior of NMOS transistors. We have

demonstrated that there is a tight
relation between the process parameters
and the short channel behavior which
can be technologically controlled.
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REDISTRIBUTION OF FLUORINE FROM BF2+ IMPLANTS IN MOS
STRUCTURES

Harry J. WHITLOW, Juhani KEINONEN*, Carina ZARING,
and C. Sture PETERSSON

The Royal Institute of Technology, Department of Solid
State Electronics,Box 70033, S-10044 Stockholm,Sweden.

*Accelerator Laboratory, University of Helsinki,

Hameentie 100,SF-00550 Helsinki 55, Finland.

The thermal reaistribution of fluorine from 111 keV
BF2

+ molecular ion implants in (100)Si and 56 nm thick
thermally grown Si0 2 films on Si substrates has been
studied using the Nuclear Resonance Broadening (NRB)
technique. Vacuum annealing at temperatures up to at
least 700 0C lead to no loss or redistribution of
fluorine from either the pure Si or oxidised Si
samples. Fluorine diffusion took place for
temperatures of 9000 C and above. At these
temperatures fluorine was lost from the Si samples but
agglomerated, most probably at the Si0 2/Si interface in
the oxidised samples.

1. INTRODUCTION suggests that segregation of fluorine to

In recent years BF2+ molecular ion the Si0 2/Si interface might take place.

implantation has been widely employed in Recently Transmission Electron

Metal Oxide Semiconductor (MOS) Microscopy (TEM) studies[5,6] show that

technology for the production of shallow gas bubbles are formed during annealing

B-doped layers. These shallow doped at elevated temperatures. The presence

layers are important not only for the of such TEM visible gas bubbles implies

source and drain regions but also BF2
+  that profiling techniques that rely on

implants in Si0 2/Si structures are used sputter-erosion will give erroneous

for threshold voltage control and the profiles and early work should therefore

fabrication of high-capacitance cells be critically examined. Moreover in

for memory applications[l]. MOS structures the fluorine distribution

The fluorine that is co-implanted may differ significantly from the case

with the boron dopant constitutes a of implantation into pure-Si since

potentially troublesome impurity since chemical driving forces and radiation

fluorine segregation to the Si0 2/Si enhanced mobility[7] may significantly

interface is associated with degradation modify the redistribution of fluorine

of the breakdown characteristics of MOS (and boron).

structures[l-3]. It is generally assumed

that fluorine is lost even from capped 2. EXPERIMENTAL

samples during thermal annealing at 2x10 15 111 keV 11B19F2+ ions-cm
-2 were

900 0C and above. However no unambiguous implanted into (100)Si wafers that were

study has to our knowledge been reported cleaned by dipping in a HF 1:10

but a recent study on capped samples[4] solution, as well as (100)Si wafers that
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were thermally grown to form a thin of the co-implanted fluorine in the Si

oxide layer, (to mimic a gate oxide). sample was lost through the surface.

The wafers were subsequently divided and (The low solid solubility of F in

vacuum annealed at temperatures between crystalline Si rules out diffusion to

550*C and 1000"C for 30 min. greater depths.) No significant fluorine

The thickness of the oxide layers on loss is observed from the BF2 +

the HF-dipped and oxidised Si samples implanted SiO 2/Si structures at this

were determined using mass and energy temperature but the fluorine coalesces

dispersive recoil spectrometry[8] to be to a thin layer. Most probably the

2.5 and 56 nm respectively assuming bulk fluorine has segregated to the SiO 2/Si

densities and stoichiometry. interface, however the proton energy

Fluorine was quantitatively profiled determination was insufficient to allow

in the structures using the Nuclear us to completely rule out segregation to

Resonance Broadening (NRB) technique. the SiO2 surface.

The 340 keV proton energy resonance in

the 19F(p, Cy) 160 reaction was used, REFERENCES
which is well suited for depth profiling

fluorine with the high sensitivity [1] K.W. Teng, H.H. Tseng, B.Y. Nguyen
and F.T. Liou, J. Electrochem. Soc.

required for impurity profiling in extended abstract 87-1(1987)328.

microelectronic structures[9-12].
[2] J. Belsen and I.H. Wilson, Nucl.

Protons from the University of Helsinki Instrum. and Meth. Bl(1984)374.

2.5 MV Van de Graaff accelerator were
(3] M. Fukumoto and T. Ohzone, Appl.

used to excite the reaction, and the Phys. Lett. 50(1987)894.
emitted y-rays were detected in a [4] M.C. Ridgeway, P.T. Scanlon and
scintillation counter system[ll,12]. J.L. Whitton, J. Appl. Phys. (In

press)

3. RESULTS AND DISCUSSION [5] C.W. Nieh and L.J. Chen, J. Appl.

No change in the fluorine depth Phys. 60(1986)3114.

distributions were observed in either 16] C.W. Nieh and L.J. Chen,Appl. Phys

the HF-dipped or oxidised samples as a Lett. 48(1986)1528.

consequence of thermal annealing in [7] H.H. Andersen, in;Ion Implantation

vacuum up to 700*C for 30 min, which is and Beam Processing. (eds.) J.S.
Williams and J.M. Poate, (Academic

higher than the temperature required to Press, Australia, 1984)p.127.

achieve epitaxial regrowth and a [8] H.J. Whitlow, G. Possnert and
reasonable degree of electrical C.S. Petersson, Nucl.Instr. and

activation. The co-implanted fluorine Meth. Section B (in press).

is however clearly mobile in both sample [9] A. Anttila and J. Keinonen, Int. J.

structures during annealing at 9000C, of Appl. Rad. Isotop. 24(1973)293.

especially in the region where most of (10] A. Anttila, S. Brandenburg,

the implantation induced damage resides. J.Keiononen and M. Bister, Nucl.

In the more extreme case of the 10000C Phys. A334(1980)205.

anneal where the fluorine is very [11] D. Dieumegard, B. Maurel and
G.Amsel, Nucl. Instrum. and Meth.

mobile, there is a marked difference in 168(1980)93.

the fluorine depth profiles from the Si [12] H.J. Whitlow, Th. Eriksson,
and the Si0 2/Si samples. About 90 at.% M. Ostling , C.S. Petersson,

J. Keinonen and A. Anttila, Appl.
Phys. Lett. (In press).
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P2.1.16

DOPANT REDISTRIBUTION FROM ION IMPLANTED WSi 2 ON

POLY-Si

S Nygren 8), D Levy b), G Goltz and J Torres

C.N.E.TJC.N.S., Chemin du Vieux Chdne, BP 98, F-38243 Meylan, France

The possibility of doping the polycrystalline silicon in a polycide configura-
tion by Implantation into the silicide and subsequent thermal diffusion has
been evaluated. In a first step it is demonstrated that a phosphorus implan-
tation to a dose of 5E15 cm-2 into WSi 2 can produce flatband voltages simi-
lar to those obtained by conventional diffusion doping into the polysilicon.
This is true even if 2E15 cm "2 boron Is subsequently Implanted. Secondly
arsenic and boron Implantations were tried with the aim to produce n- and
p-doped gates respectively. Work function shifts between the two species
approaching 1 V Indicate that typical source/drain Implantations may be
used for this purpose.

1. INTRODUCTION terial for p-channel transistors. The reason is that it is

becoming increasingly more difficult to at the same ti-

One consequence of the continuing shrinkage of VLSI me adjust the threshold voltage and avoid short chan-

geometries is that heavily doped polycrystalline silicon nel behaviour in these devices. For CMOS technology

can no longer provide the low resistive interconnects a possible solution to this growing concern may be the

required to realize the potential performance improve- use of p4 polysilicon for the p-channel transistors,

ments offered by reduced channel lengths. This con- whereas n-channel gates remain n+ polysilicon.

dition has been foreseen for some time, and double

layers of poly-Si and a refractory metal silicide are now For process simplicity an ideal condition would be if

coming into use. In this configuration the silicide acts such an n+/p+ design could be realized by the source/

as a shunt, reducing the overall sheet resistivity without drain implants. In particular the corresponding doses

influencing the well behaved and well characterized have to be adequate to set the electrical characteristics

poiy-Si/SiO 2 interface. As a result of this approach the of the gates to proper and reproducible values. For sili-

need for very hgh doping levels in the polysilicon cide/polysilicon structures a desired process sequence

layer, to lower its resistivity, can be relaxed, and im- would include implantation after silicide deposition.

plantation doping may become applicable. The dopants should preferably be driven into the un-

derlying silicon and activated by a subsequent, already

Another consequence of the reduction of lateral dimen- existing, annealing step. Promising results in this field

sions is that n* polysilicon may have to be replaced by have been reported for TaSi2 [1, 2] and WSi2 for shal-

a material with a higher work function as the gate ma- low junction formation [3]. This paper presents results

a) Permanent address: Royal institute of Technology, Solid State Electronics, S-10044
Stockholm, Sweden

b) Permanent address: Bull, Rue Jean Jaurbs, F-78340 Les Clayes-Sous-Bois, France
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for a polycide configuration having tungsten silicide as oxides were grown to various thicknesses and etched

the top lay' -he possibility of simply replacing con- in buffered HF to form bevels ranging from 15 to 60 nm.

ventional F i 3 diffusion doping by a phosphorus Im- Polysilicon annealing, silicide crystallization and poly-

plantation into silicide was also tested, and the influen- cide oxidation were excluded. The polysilicon thick-

ce of an additional boron implantation was studied. ness was therefore 150 nm as deposited. Silicide de-

position was followed by arsenic or boron implantation

at 180 and 30 keV respectively and to doses in the

2. EXPERIMENTAL range from 1E15 to 1E16 cm-2.The chosen energies
correspond to typical values for shallow junction for-

Wafers used for the phosphorus implantation investi- mation. A 60 nm thick encapsulating oxide was deposi-

gation were (100) oriented, p-type silicon. The layered ted by PECVD to prevent loss off dopants during the

structures were formed by thermal oxide growth, subsequent 1100 0C, 20 s anneal. Capacitor formation

LPCVD polysilicon deposition and cosputtering of the concluded the fabrication.

silicide film. Typical thicknesses were 25, 230 and 150

nm respectively. Prior to silicide deposition reference Samples for SIMS and RBS analysis were cut from un-

wafers were doped by POCI-diffusion and wafers to patterned but identically processed wafers.

be implanted were annealed at 850 OC for 30 min in

02. The latter had phosohorus implanted into the sili-

cide at 100 keV and to doses of 5E15 and 1E16 cm2 . 3 RESULTS AND DISCUSSION
The as deposited amorphous silicide had a stoichio-

Arsenic redistribution was recorded by backscattering
metry close to WSi2.3 as measured by RBS. A transfor- spectrometry (RBS). The situation after a 10 s anneal

mation into a polycrystalline film was achieved by rapid at 1100 0C is shown in Figure 1. It is clear that most of

thermal annealing at 900 °C for 20 s in N2 and 2E15 the impurity atoms have diffused out from the silicide

cm-2 boron was implanted at 30 keV. This step simula- into the polysilicon and to the interface between the

ted the compensating implantation to which p-channel two layers. The result after 20 s at the same temperatu-

gates are subjected in a self aligned CMOS process. re was almost identical. This behaviour has previously

An introductory examination revealed that identical been observed by Jahnel et al [4). Similar characteri-

electrical results were obtained wether or not the crys- zations by means of SIMS analysis are in progress for

tallization anneal was performed. 1I1 mm2 capacitors the boron and phosphorus distributions. Pan et al [5]

were patterned and etched and the polycide structures have presented evidence for a high affinity for boron in

were oxidized resulting in a remaining poly-Si thick- WSi 2"

ness of 150 nm. Following a high temperature anneal

at 1100 OC for 20 s and removal of the capping oxide Automatic mapping of flatband voltages was performed

the back surface was prepared by etching, aluminum to compare the differently phosphorus doped polycide

deposition and annealing, capacitors. Capacitance-voltage characteristics were

measured for 65 capacitors on each wafer and three
A slightly different procedure was employed for the wa- wafers were analysed for each doping procedure and

fers produced for work function determination. Gate dose. Whether the impurity had been introduced by
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conventional diffusion into the poly-Si or by implanta- cation of the validity of this method. However there is a
tion into the silicide flatband voltages were similar. This shift in the absolute value of the work functions and a
holds also for the low dose implantation (5E1 5 cm-2). In study of its origin is under way. Nevertheless some in-
Figure 2 the range of VFB values is indicated for the teresting information may be deduced from an exami-
different conditions. The appearently greater disper- nation of the relative shifts for the different conditions.
sion displayed by the diffused capacitors may to some The lowest eMs value, representing the highest arsenic
extent be attributed to the larger number of good capa- dose, was taken as a reference point and set to zero in
citors measured in this case. The cause for the poor Figure 5. For arsenic doping all values are less than
yield exhibited by the implanted wafers was not unam- 0.1 eV from this value. The recording for the 4E15 cm-2

biguously identified. An equivalent concentration for dose can be explained by a slight falloff from the equi-
the POC13 samples was measured by SIMS analysis librium depletion capacitance resulting in higher calcu-

and comparison with a reference sample of known lated flatband voltages for these capacitors. Boron im-
concentration. planted wafers display an increase in oMS with increa-

sing implantation dose. The shifts range from 0.94 to

1.07 eV relative to the reference.
poly-Si WsI

160-150 nm Intulace Surface , a , ,

AS IMANTED/ 0 -0.9 674
U2 / 54 

0 so- CZ0 1 In -0.7 Po 3

,0 1100 C. , . .0 7

1E15 2 4 6 a 1E16 2 4 6 e 1E17
DOSE /.tcm2l

380 390 400 410 420 430 440 FIGURE2. Flatband voltages for three different phos-
CHANNEL phorus concentrations. The lower doses were implan-ted into the siicide and subsequently diffused by an-

FIGURE 1. RBS spectra showing the arsenic distibu- nealing at 1100 0C for 20s. The hihest dose was di-
tion as implanted into the siicide and after annealing at rectly diffused into polysiicon from a POC/3 source. For
1100 OC for los. each condition the number of good capacitors is indica-

ted
Wafers with bevelled gate oxides were subjected to the

C(V) mapping and oxide thickness as well as flatband

voltage were recorded for each capacitor. If oxide char- 4 CONCLUSIONS
ges are limited to fixed oxide charges at the Si/SiO 2

interface, flatband voltage depends linearly on oxide The possibility of replacing conventional phosphorus
thickness. The difference in work function is then given diffusion doping by implantation into the silicide and
by the intercept at tox0O and the slope represents the subsequent drive in annealing in a tungsten based po-
fixed charge concentration. Figure 3 is such a plot for a lycide stack was examined. A comparison of flatband
wafer implanted with arsenic to a dose of 1 E15 cm-2. voltages indicate that a phosphorus dose as low as
The excellent alignement of the points is a good indi- 5E15 cm"2 partially compensated by 2E15 cm "2 boron
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t

is sufficient to produce electrical characteristics similar->
-0.58 to those obtained for POC 3 doping of the polysilicon

-0.60 layer. A similar investigation of arsenic and boron im-
p, 0.82

--0.62 planted structures revealed that work function differen-

> ces of about 1 eV between the two cases could easily
a -be obtained. Reproducibility was excellent over theS< -O.68
o -0.0 wafers. This doping procedure thus seems to be a pos-

i -07 sible means of realizing the n+/p + gate CMOS without
LL 120 140 160 180 200 220 240

OXIDE THICKNESS [A] increasing the doses beyond what is typically being
used for source and drain implantations.

FIGURE 3. Flatband voltage vs. oxide thickness for a
wafer implanted with arsenic to a dose of 1E15 cm-2
and annealed at 1100 OC for 20 s.
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BIPOLAR HETEROJUNCTION TRANSISTORS: OUT OF MODELS INTO REALITY

A. J. Holden

Plessey Research Caswell Limited
Allen Clark Research Centre, Caswell, Towcester, Northants, NN12 SEQ, U.K.

ABSTRACT

The modelled and measured capabilities of the Bipolar Heterojunction Transistor are
reviewed. The device is shown to have potential in high speed digital ICs and in
microwave power amplification. It has demonstrated a world beating record for high speed
divider circuits but is being hotly pursued by the Silicon Bipolar Junction Transistor.
On paper it has promised much and it is now becoming a reality.

1. INTRODUCTION AND OVERVIEW
through the base and collector and so

The Bipolar Heterojunction Transistor enhanced mobility is an advantage in GaAs

(BHJT) offers a unique combi'nation of compared with Si. The availability of a

advantages. It draws on existing bipolar logic semi-insulating substrate reduces stray
integrated circuit design and performance, the capacitance in circuits and reduces
speed of GaAs and the gain enhancement of a transmission delays introduced by 'lossy' Si
wide band-gap emitter. In this paper we review substrates. A very important advantage of

the origins and basis of the device and assess GaAs is the possibility of including optical
its progress. functions such as optical interconnects,

lasers and detectors on the same chip as the
1.1 Why Bipolar? transistor. Optical interconnects offer

speed and complexity advantages over standard
For logic integrated circuits Si bipolar ECL electrical connections. GaAs also has the

offers the fastest switching available (albeit peripheral advantage of radiation hardness.

at a cost of high power consumption), compared The disadvantages include reduced carrier
with rival structures such as CMOS. ECL divide lifetime in GaAs, and poor thermal
by four circuits have been reported, toggling conductivity.

at g.IGHz [1]. Bipolar transistors also
display superior threshold voltage uniformity 1.3 Why Heterojunction?

compared to field effect devices. For
microwave power amplification the bipolar Homojunction bipolar transistors cannot

transistor provides the highest output power at comine high current gain with low base
the highest frequencies (70W (pulsed) at resistance. In order to enhance the gain the
3.5GHz [21 and 2W at 9GHz (3]) compared with ratio of emitter to base doping must be
its generic rivals such as MOSFET amplifiers high. Upper limits on doping depend on the
and (at least at lower frequencies) MESFETs. technology and also loss of mobility and

structure. Conversely the base doping may

1.2 Why GaAs Bipolar? not be too low because of the effect on
intrinsic base resistance. In Si BJTs

The ultimate speed 4 . bipolar transistor emitter dopings in excess of 1020cM-3 are
is determined by tnt ri.it time of carriers feasible but in GaAs only mid 1018cm- 3
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is more comonly achieved. To add a further extrinsic implant regions and the emitter,

dimension to the design, AlGaAs can be grown base and collector contact regions. Such a

lattice matched to GaAs. Since injection separation has its limitations since the

ratios depend exponentially on the band-gap device is really three-dimensional and the

difference [4] relatively small concentrations effects in the third dimension, illustrated

of Al (15-20%) are normally adequate to give by the SEN plan view in figure 2 due to via

freedom in emitter and base doping. Very large pad proximity etc. are not negligible. The

current gains can be achieved or traded for approximations do however, prove to be

decreased emitter doping and increased base effective in predicting measured results.

doping leading to lower capacitance and lower

base resistance. The use of the heterojunction

provides an extra degree of freedom to the

designer in choosing doping profiles. Band-gap

grading may also be used to provide field

gradients to reduce transit times in the base.

There are, however, some disadvantages in
having an AlGaAs emitter. These include

increased off-set voltage and reduce carrier

lifetime at the heterojunction itself [5].

Bne i-knpbm n-1let

O E Bn+ooleow

C Figure 2 Plessey Process II Plan

2 2.1 One-dimensional Structure

Figure 3) shows a simulated band diagram

for typical BHJT layer structure in

Figure 1 Plessey Process II Cross-section one-dimension under zero applied bias (6].

The aluminium concentration has been

2 THE PHYSICS OF BIPOLAR HETEROJUNCTION deliberately graded with a parabolic position

TRANSISTORS dependence in the region of the junction.

This has the effect of removing the

Figure 1 shows a cross-section of the conduction band 'spike' brought about by the

Plessey process 11 BHJT structure. It is an conduction band off-set. Much work has been

implanted base structure and will be taken as performed on the effects of the conduction

a typical geometry for our discussion of band spike on injection efficiency [4] hot

device physics. For convenience we can electron effects [7] and enhanced

divide the problem into a one-dimensional recobination. It has been concluded that

structure following minority carriers thermalisation is likely to be very rapid

vertically through the layers from emitter to leading to no useful speed enhancement from

collector and a o-dransional netwk hot electron effects and most designers
choose to suppress the spike by grding to

incorporating the lateral base geometry,
enhance injection efficiency.
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later. Similarly, the large base contact'I resistance means that the total base resistance

j is dominated by extrinsic effects and the

(o l Con o bmnd edge importance of the intrinsic distributed base

7 resistance (dominant in silicon) Is ouch

Is reduced.

_ We conclude that the BHJT is describable by a

modified BJT model with more 
emphasis placed

.4._ .._ ... _._._._. on the extrinsic 'parasitic' network which
0.0 0.2 0.4 0.6 0.8 1.0 can, quite effectively, be bolted on to the

Depth (l intrinsic 'one-dimensional' description.

3 MODELLING THE BIJT

Figure 3 Simulated Band Diagram for Zero Bias

It is vital that any programme of

With a graded Junction it is reasonable to

approximate the injection physics by modelling should be both predictive and: capable of relating basic design
simplifying to the usual homojunction case with characteristics such as geometry and doping
the built-in voltage modified by the net band,' directly to circuit performance. Although
off-set voltage. More detailed analyses are optimisation and massaging of parameters to
available [4] but the above simplification fit DC and RF measurements has its place when

allows an important generalisation of the

device models and permits the use of standard unin up mode on 'produtio vesfuse in adva~iced C.A.D., it is of very
homojunction circuit simulation techniques such

limited use at the research and design
as SPICE (8] allowing rapid device and circuit stage.
design for BHiJTs based on existing silicon BJT

circuit families.
3.1 Parameter Extraction and Equivalent

2.2 Two-dimensional Equivalent Circuit Circuit Development

Parasitics in the two-dimensional equivalent We describe in this section a method we

circuit slow down the practical BHJT device, have developed to provide a complete

Relatively large extrinsic capacitances modelling strategy for predictive design (9].

(extrinsic base-collector) and even intrinsic Parameters are extracted from basic geometry,

(base-emitter and base-collector) capacitances layer specifications and test structure

are typical of devices currently reported. In measurements. A variety of small and large

addition, current state of the art contact signal equivalent circuits are generated and

resistances on GaAs are significantly higher these are then used in simulation packages to

than corresponding silicon technology, calculate discrete transistor DC and RF

Geometries can be reduced to solve the characteristics and full logic circuit

parasitic capacitance problem but contact performance. Work is also under way to

resistances become dominant. Emitter contact develop packages for large signal microwave

resistance can be very large and dominates the simulation for power BHJTs based on methods

total emttter resistance although the use of a developed for MESFETs [10]. The overall

GaInAs layer will improve this as discussed modelling scheme is displayed as a flow chart
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INUT The small and large signal equivalent

F--- etowns circuits are based on the Gummel and Poon and

LayerStructum Lithography Ebers-Moll models [8]. The resultant circuits

ab-lsJif Ig lip Measured Laye are appropriate for further analysis in various

nmpi 9 Capacitance packages. Small signal analysis using
Mobmty S how resiance 'SUPERCOMPACT' generates s-parameters, provides
Materil. data Contact resistanceIntrinsic Data links into MMIC design and gives options for

Ifurther optimisation once measured device

uive CUrcuiN characteristics are available. A small signal

Equivalent simulator has been written [g], which treats

SUPER PLESSEY SPICE the lateral spread of the emitter, base andCOMPACT DISTRIUTEDI I I collector layers as three coupled active
S-Paramer S-Parameters Logic gates transmission lines terminated in the extrinsic

II I
Circuits Gain, ftemx ECL impedances provided by the base and collectorMatching Ring Oac. + 4

I I contacts. The basic circuit structure is shown
Further Fan out schematically in figure 5. This distributed

optingl on I
Gate delays model is particularly suited to large power

Idevices, and is an important improvement over

OUTPUT lumped element transmission line models used

for silicon BJTs.

Figure 4 Modelling Flow Chart

in figure 4. Two inter-related routes are E

illustrated below the basic geometry inputs. B _

For purely predictive modelling, emphasis is C I C

placed on the left hand 'ab-initio route'. '-n+ ----- I n+

Here the designer only specifies his required 
n+

LkwMddoping profiles and materials data from which DIfferentW '

much of the junction capacitance sheet , Element A.
Ax

resistivity and carrier mobility must be RE _4 " r

extracted. Once a layer has been grown and

large geometry test structures processed more 8~ Tb'W

Junction capacitance and contact resistance can

be supplied via the right hand 'measured

layers' route. We stress, however, that these CstU

measurements are still at the fundamental level

of layer and process parameters, actual

transistor characterstics are not used at this Figure 5 The Plessey
Distributed Circuit Model

stage. Indeed, measurement of layer capacitance Showing the Transmission

is often a more reliable test of actual grown Line Active Element

layer and doping structure than any direct

attempt to measure doping profiles (by SIMS for

example).
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tFnally, a large signal model is provided 4. Characterising the BefT
-- " for SPICE simulations. Here the discrte

transistor can be simulated at OC and RF and Characterisation measurements for 9JHT

most importantly full logic circuits can be devices owe much to experiences on Si BJTs.

evaluated. This last activity Is important However, by its very nature the DHJT is a

since the performance of individual devices is high frequency device and requires full blown

critically dependent on their input and output microwave techniques to measure at RF.

matching. The only reliable way to determine

the performance of a particular device design 4.1 DC Characterisation

is to measure and simulate its performance in a

full circuit. To this end we choose ECL divide Standard DC measurements of Gummel Plots

by four circuits because they [8], DC and AC current gain, verses collector

contain typical gate configurations used in current, ideality and I-V characteristics are

ECL design. made for forward and reverse operation.
These can be used to improve the basic DC

3.2 Intrinsic Device Model model by specifying parasitic leakage effects

on the gain and non ideal diode

Inside the parameter extraction program characteristics, both of which are difficult

the input data is processed using to quantify in a predictive way. We would

conventional device models. Junction and highlight this area as being one requiring

diffusion capacitances are calculated using further work in order to close the loop on a

the usual transistor theory [8] with the completely predictive model.

modifications for band offsets discussed in

section 2 [4]. Parasitic resistances are 4.2 RF Characterisation

calculated from the layer and contact

dimensions together with the layer As discussed in section 3 the most

resistance and contact resistance either informative RF measurements are those made on

calculated from mobility data or entered full logic circuits. Such tests have been

directly as a measured parameter. made by on wafer RF probing and then
subsequently the selected circuits have been

Transport of minority carriers is bonded into a purpose built RF jig for

calculated on a drift and diffusion model in analysis with minimum parasitic effects.

the base, allowing for any built-in fields

provided by graded aluminium concentrations. 5 RESULTS AND COMPARISON OF SIMULATIONS AND

In the collector, a saturated drift model is MEASUREMENTS

used. A more sophisticated description ofI the transport can be obtained from a finite We report results obtained on the Plessey

difference numerical model [6] which takes a Process II devices and circuits with two

proper account of velocity field different emitter sizes. The total emitter

characteristics and the effect of the dimensions of the large device are 4 microns

heterojunction. Either way the resultant x 10 microns (metal contact width is 2

transport is described in the equivalent microns) and the smaller device 2.5 microns x

circuit by an effective diffusion 5 microns (metal contact width 1.5 microns).

capacitance through the Gummel-Poon (GP) Calculations have been performed using

description [8].
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paramte apprpriate to current processed 5.2 Logic Circuits

devices which can be compared with
measurements. Both ECL ring oscillators and ECL divide

by four circuits have been processed,
5.1 Discrete Transistors measured and simulated. Ring oscillators

functioned successfully under SA and 2mA
Discrete device results are for an earlier tail currents. However, we found

batch of transistors to those quoted in the experimentally and confirmed theoretically,
full circuit results below. In all cases a that higher order modes are easily excited.
nominal 0.2 microns wide base layer doped at These confuse the interpretation of gate
4 x 1O18cM- 3 is assumed. Via pads, extrinsic delays and cast doubt on some of the very
to the device are isolated using an 02 fast results reported in the literature.
implant which leaves a residual parasitic

capacitance. This is included in the model

and can be reduced to a small value when
predicting future device performance when a
deep proton imlant is implemented.

24-( .. MghftN

---- Mosdell l Ou
MsaIm'ed hu

F Menere h FurDt

F18 ea n Modelled 1421

*12

a'NN

o eFigure 7 Micrograph of the Completed Divide by1 2 3 45 67 891 2 Four Die
-rqw (GOuI

-7-

Figure 6 shows a comparison of the
measured and modelled gain characteristics
for a 4 micron device. It is stressed thatInu

no subsequent 'optimisation' of the model has
been used to improve the fit. All the modeliK y Y 2 4  6parameters are as predicted from the known

layer specification and device geometry. The 02 0. 4 1 8 2:0 2:2 2.4Time (no)

agreemnt is very encouraging.

Fioure 8 SPICE Prediction of Circuit Performance
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Divide by four circuits have been power consumption of 315mW.

fabricated in both 4 micron and 2.5 micron

transistor variants. Figure 7 shows a 5.3 Effects of Process Variation and

photograph of a fabricated circuit. By taking a Improvement

typical set of layer and process parameters a

SPICE simulation predicted a maximum toggle Having validated the model against

frequency of 7.7GHz for 2.5 micron circuits, measurement it is possible to identify which

The simulated waveforms are shown in figure 8. parameters are most critical and require

Figure 9 shows the waveforms for a fabricated improvement and which are less sensitive and can

2.5 micron divide by four circuit measured on be traded.

wafer. The circuit toggled at up to 5.7GHz.

The agreement is very satisfying particularly in In table 1 we catalogue the effect of

the shape of the output waveform, taking our basic parameter set (used in the

simulation of figure 8) and varying a limited

selection of parameters, changing just one in

each case. Emitter and collector contact

resistances are seen to be significant and in

the case of the collector a significant

predicted.

The effect of reduced base thickness is

interesting since it increases the intrinsic

base resistance and trades this for shorter

transit time. The net effect is a
Figure 9 Measured Performance Showing

a Divide by Four Circuit Toggling significant increase in divider toggle
at 5.7GHz frequency showing clearly that the intrinsic

base resistance is not critical. If all the
Results for the 4 micron circuits on an critical arameters are set at our expcted

earlier batch showed much closer agreement. In

this case the predicted toggle frequency is 3GHz achievable values (as seen in our development
and measured is 3.3GHz. Of particular experiments) the predicted best operation for
interest is the failure mode as the frequency is 2.5pm devices is a divide by four toggle

inteestis he ailre odeas he reqenc is frequency of 11GHz in the case of using 02 as
increased. The measured circuits evolve into a f2

the via pad isolation and 23GHz using a total
divide by six mode and the simulations predict

exactly this failure. This adds to our

confidence in the predictive capability of the

model. Power consumption can be very 6 BHJTs: ALTERNATIVE STRUCTURE

significant since in order to maintain the gain

all the transistors run at between 2.5mA and Various alternative structures have been

S-A. Measured power consumption for the 2.Spm developed throughout the world. The basic

divider is about 1 watt at present but this will layer structures feature both single

be significantly reduced when smaller geometries heterojunction [11] and double heterojunction

are used. Chang et al [11] report a 2pm CML (5] variants. Inclusion of a second

divide by four circuit toggling at 11GHz with a heterojunction at the base-collector interface
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TABLE 1

Parameter Varied Emitter Contact Collector Contact Base Width fmax f4*
Qcm2  Qcm 2  Pm G~z Glz

Basic Set 5 x 10-6 2 x 10"5  0.2 13 7.7

Emitter Contact 2 x 10-6 2 x 10-5  0.2 i5 8.9

Collector Contact 5 x 10-6  2 x 10-6 0.2 15 8.6

Base Width 5 x 10-6 2 x 10-5  0.1 15 8.7

* maximum toggle frequency for a divide by four

circuit to be very accurate, also ohmic contacts
have to be formed onto this layer.

is intended to reduce offset voltage, offer

flexibility in operating transistors in forward Reduction in collector capacitance has

and reverse mode and reduce hole injection into been achieved in the direct etch structure

the collector (particularly important for by using a deep proton implant through the

saturating logics such as 12L but not critical base contact region to isolate some of the

for ECL). extrinsic base-collector area [13]. Self

alignment techniques also reduce this

Consideration has been given to the extrinsic area (131 and address the problem

advantages of an inverted structure in which of emitter contact resistance in small

the collector layer is grown on top [12]. This geometry structures by extending the emitter

has the important advantage of reducing contact up to and beyond the edges of the

collector capacitance although at the expense emitter crystal [13].
of increased collector resistance (small area

contact) and increased emitter-base 7 BHJTs: WORLD POSITION

capacitance.

At the time of writing the world best

Contact to the base layer is normally position for BHJT circuit performance can be

achieved either by direct implantation [9] or sunmarized by table 2.

by a mesa etch to the base [11]. Implantation These results are in line with our model

has the advantage of retaining planarity of prediction which suggests that the Plessey 2.Spm
process should run with divide by 4 circuits

surface and also lends itself to easier self tgln twl necs f1Gz

alignment structures. A possible

disadvantage is the creation of damage 8 INTEGRATED CIRCUIT PROCESSES

leading to leakage paths and parasitic

diodes which reduce current gain. The
direct etch to the base layer has the I iia oi ohslcnadG~
directge tt the base layer as hery techniques are now competing for gate delays

disadvantage that the base layer ts very much less than 30ps. In GaAs systems, MESFET

logic offers quite high speed with relatively

low power consumntion. MESFET BFL divider
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ii !TABLE 2 substantially will give outstandingimprovements in speed and power consumption

i: -:|"and lead to increased integration. It is
NTT [13) Self aligned with proton clear that the Si devices are stretched to

implanted regions 2 x 5pm2 ECL the limit whereas the BHJT has plenty of room

ft _45GHz fx - 6Gz for imrovement.

f4* =13.7GHz

In microwave power the race is again
Rockwell (11) Self aligned base contact between the BHJT, the Si BJT and the GaAs

with proton imlanted regions MESFET. At X band both Si [4] and MESFET

2.5 x 4.5p2 [10] have shown output powers from 1-2W. No

ft - 46GHz measured results are available for the BHJT

f4* = 11GHz (CML) but its intrinsically higher speed (fmax

-65GHz as quoted in section 7), should give

* Maximum toggle frequency for a divide by it the edge over Si bipolar. The fact that

4 circuit it is a bipolar device means that it can

circuits have been reported, toggling at up to carry a higher current density than the

17.9GHz [14], dissipating 657mW. MESFETs do MESFET and so, at least in pulsed mode, much

however suffer from threshold uniformity and higher powers at higher frequencies are

fan out problems (low current drive). Some possible.

improvement in uniformity has been reported by 9 CONCLUSIONS AND A LOOK INTO THE FUTURE

the use of HEMT devices but is still a problem.

BJHTs have by comparison displayed excellent We conclude that the BHJT has a solid place

standard deviation in threshold voltage (2.5mV in the fields of high speed logic and microwave

across a one inch square wafer reported by Chang power. It has already obtained a slight edge

et al [11]) and have the intrinsic advantage of
over its rivals in divider performance and is

substantial current gain for good fan-out. The developing smaller geometries and self aligned

MESFET result featured a 0.25pa gate length,

if which is likely to cause yield problems whereas Microwave wer p e nce iasdyetuntredMicrowave power performance is as yet untried

the BHJT is predicted to be capable of speeds but the extra power of the bipolar concept

in excess of 18GHz with critical dimensions combined with the speed of GaAs must make it a
greater than 10r.
g r threat to the MESFET at high frequency and the

Si BJT at intermediate frequencies.

Super self aligned Si BJT circuits have

been fabricated [1] with 30ps gate delays and Many options exist for improved technology,

nearly lOGHz toggle frequency for divider like the use of refractory contacts and GaInAs

circuits and 7K gate complexity has been ohmic contact layers. Higher speed, lower power

reported by NTT. Similar results have been and higher integration will come from self

reported by Hitachi using a variant process. aligned structures with smaller geometries (one

However, the NTT result features a 0.35 micron or less) and improved contact

micron wide emitter which compares with the resistance. New mterials such as GalnAs in

current 2-micron wide BHIJT emitter toggling the base of a GaAs device offer improved

at the sam frequency [11, 12]. Self aligned performance [15]. The addition of indium gives

BHiT designs which reduce the emitter size the designer freedom to vary the band gap below
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that of GaAs. Graded bases are therefore Defence, U.K. (DCVD), sponsored from

possible leading to built-in fields without R.S.R.E. Malvern and part was supported

detracting from the injection efficiency which under ESPRIT. project No. 971.

is maintained by the AlGaAs emitter. It may

even be feasible to make a GaAs emitter with a REFERENCES

GaInAs base. The reduced overall band-gap will [1]. S. Konaka, Y. Yamamoto and T. Sakai, IEEE

lower the operating voltages and improve circuit ED 33, 526, 1986

performance and design tolerance. The strain [2] G. W. Schreyer, Microwave Journal, 24,
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A2.3.1

CHARACTERIZATION OF OPTIMIZATION OF BIPOLAR TECHNOLOGIES
BY MEANS OF HIGH SPEED CIRCUIT DESIGN

Dr. Wilhelm Wilhelm

Siemens AG, WIS P SL 2
Balanstrale 73, D-8000 Mnchen 80

The speed of bipolar technologies is limited by two time constants.
One of these time constants is caused by parasitic effects, the other
one by the base transit time. In this paper an attempt is made to weigh
both figures for optimum performance at different circuit designs.

1. INTRODUCTION doping profile than on the lateral
The limits of performance data of dimensions of the transistor. The

bipolar integrated circuits are deter- second time constant, TP, mainly con-

mined by the dynamic parameters of the sists of parasitic capacitances which

technology. A commonly used figure of are charged by parasitic resistors

merit is the expression: [1] formed by the base resistor in the

F = [FT/(2w x RB x CP)]11 2 , where FT bipolar transistor. These parameters

is the transit time, RB the base are proportional to the lateral

resistance and CP stands for parasitic dimensions of the transistor. As the

capacitances of the bipolar transistor. transistor is reduced in size, the

However, this figure can not be applied time constant is also reduced due to

to all types of circuits because the the smaller area. However, for fixed

optimum ratio of design rules, the time constant TP is

TB = 1/(2NFT) to TP = RB x CP in almost independent of the emitter

addition to the value of F must also length: As the capacitance increases
be considered. with emitter length, the base resistance

By examining three specific cases also decreases. Fig. 1 shows the time

of bipolar design, this paper will constant for collector-base, base-

show the relationship of the time emitter and the collector-substrate

constant quotient to the optimized as a function emitter length.

performance in these design areas. Normalized to the collector-

base time factor one gets roughly:

2. TECHNOLOGY TIME CONSTANTS TC - TP

The two basic parameters, TB and TP, TE = 2 x TP

can be calculated for a bipolar tech- TS - 5 x TP

nology with fixed design rules. The Former and older technologies

first parameter, TB, is dependent show similar or nearly equal relation-

upon the charge needed in the base ships but tend to use a factor of

region to switch on or off the bipolar 3 or 4 for the substrate value.

transistor. The time constant TB is

is more dependent on the vertical
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induces higher equivalent input noise.

Similar effects are observed by varying

the size of the transistor. Smaller

20. transistors generate higher thermal

* TS base resistor noise, but in very large*1 transistors the parasitic capacitance

dominates and the shot and base noise
10 translated to the input is increased.

TE At the optimum operating current
ps- TC and transistor size, we have an

0 k.! expression which contains only the
10 W .20 30 two parameters TB and TP.

IR2 = 20 KT FB3.CD/[(TP.TB)1l 2.FI]

where FB = Bit frequency
FIGURE 1 CD = Capacitance of the optical

Parasitic time constant versus device

emitter length K = Balzmann constant

TS = RB x CJS T absolute temperature
TE - RB x CJC 1/2
TC = RR x CJC F1 = R+I/R + (3/R + R2)

where R = (Tp/"B)1/2

3. CIRCUIT DESIGNS The function Fl plotted in Fig. 2
Three typical circuits are 

analyzed
shows a relatively small mimum at

on terms of parasitic and transit time s 0.7.
P/TB = 0.7.

limits.

3.1. Bipolar optical receiver
100 - 1 tillrII

The first one is a typical analog l . ,

example: A high speed transimpedance tF ---.. man..,,, ... ....
amplifier. The figure which in this . ..........

case has to be optimized is the .. . . .

equivalent input noise current. This _

parameter limit. the sensitivity -

of the fiber optic receiver. The noise,.,

is mainly generated by the input

tilse dointe Ieas fsalTas

transistor of the receiver. Noise

sources at high frequencies are

generated by the base-resistor and.

the shot noise of the collector. The - f o 3 ife

equivalent input noise can be minimized

by optimizing the operating current 0'1 - .0

and the transistor size. 1210.

At low supply current the shot

noise dominates because of small Trans-

conductance. At high currents the FGR

increasing diffusion capacitance Performance factors for 3 different
circuit designs



3.2. CML Gates dynamic parameters to each circuit

For the second example, a CML logic design. Due to the progress of the MOS

design is chosen. This design is used technology, which is able to produce

for LSI or VLSI circuits. The figure of channel length of I pm and even below
merit is the highest available speed, this value, the tendency is obvious to

The optimum will be found at a supply reduce parasitics by scaled down

current which is able to handle transistors, by self aligning techniques

parasitics but is small enough not and improved isolation techniques

paying penalty by high injection like trench isolation. However, no or

effects and base resistance limitations, little effort is made to increase

At this minimum the propagation delay simultaneously the cut off frequency of

(fan in = fan out = 2)depends on the the transistor to get an optimum

two time constants only. relationship between both time constants.

TPD = (TPXTB) 1/2 x F2 (TP/TB) In modern technologies this ratio

F2 is plotted in Fig. 2. ranges between 0.05 to 0.02 which is

It shows a relatively flat minimum far away from optimum for most circuit

at TP/TB = 1. However, at smaller designs. There may be other than per-

rP/TB the power consumption gets smaller. formance considerations which result

Therefore the optimal value should be to such adequate ratios. These could

in the range of .2 to .5 rather than 1. be for instance yield or available

3.3. Telecom circuits for high data fabrication equipment or other

rates limitations.

The third example is a digital

circuit for serial data processing REFERENCES

which enables processing of highest (11 S.K. Ghandi, The Theory and Practice

data rates. Not the delay time but the of Microelectronics, John Wiley and
Sons, Inc., New York, 1968

rise and fall time of the serial signal
[2] K. Panzer, K. Schr6dinger,

has to be optimized. Differential logic W. Wilhelm, Digital Optical

is used in this case with emitter Transmission System for Industrial
follower driver. Due to the differential Use with Data Rates of up to

200 Mbit/s, Siemens Components

nature of the signal the logic swing 5/86

is small and ranges between .2 and

.3V. The optimum load resistance is

smaller than in the previous cases.

The resulting data rate (DR) in terms

of B and P looks like:

DR = 1/[(TPxTB)]1/2F2 (TP/TB)

The function F2 is plotted in Fig.2.

The minimum tends to be more at the low

TP side of the plot.

4. CONCLUSION

In this paper an attempt is made to

relate the inherent time constant on the
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Physical modelling problems of
uiltrafast silicon bipolar transistors

by

H.C. de Graaff and G.A.M. Hurkx
Philips Research Laboratories

5600 JA Eindhoven, The Netherlands

1. Introduction contact and dN/dx the steepness of the profile at the

junction, v, is the saturated drift velocity and Yj is the

built-in field factor (rl = 5-8 for these transistors). TheThis paper deals with recent developments in physi- otesyblhaehirualmnng

cal models that are of special importance for the ultra-

fast, very high frequency behaviour of vertical bipolar Typical values are D,, -1 0 cm2/s, D. = 2 cm2/s and v,fas, vry ig frquecy ehvior o vetial ipoar = I0 cm/s. With Wb -- 0.10-0.15 pr, Cb becomes

npn transistors: minority carrier mobility, bandgap a 3 ps; i ta W - 0. 4 1AM, 1en 2. s

narrowing, hot carrier transport in collector epilayers but this ma be doe w hen th c chargin
and uncion ideall ffets.but this may be doubled when the collector charging

and junction sidewall effects.
time rc Cc increases due to hot carrier flow in the

Transistors with a high cut-off frequency fT (10-20 t

GHz) and a low rbCb product (_-4 ps) are discussed, epilayer. For an emitter with a polysilicon contact we
have e.g. hFE = 100, s = (0.5-1.0) * i05 cm/s and No/

i.e. devices with short transit times (-10 ps), low base

and emitter resistances and low capacitances. That in (dN/dx) = 10' cm, so ; 2 to 3 ps. An aluminium
contact has s 3 * l05 cm/s, but it lowers h and

turn requires shallow junctions (xj = 0.10 - 0.15 Rim)

and reduced lateral dimensions, making sidewall ef- usually dN/dx is also decreased, so - may grow to 10

fects increasingly important. ps.The examples given show that:

2. Transit times * all regions contribute significantly to the total transit

time;

The maximum value of fT is determined by the total * the value of the current gain (hFE) must remain rela-

transit time of the emitter, base and collector regions: tively high (>50);

1/2 n f-T = "te + 'rt + -t. Simple approximations can be * the doping profiles near the e-b (dN/dx) and the c-b

deduced for each contribution [1]: junctions (repCI) are crucial.

I We ( W + D 1

No (1) 3. Bandgap narrowing, mobility and recombination

Wh + Wh and The hFE depends on the bandgap narrowing and mi-
S -+ a (2) nority carrier mobilities in the emitter and base and on

the minority carrier lifetime (Tp) and the contact re-

1 + rcpCh, (3) combination velocity(s) in the emitter.

2 v, The minority carrier mobility as a function of the

dope concentration (N) is written as
where We and Wb are the thicknesses of the neutral

emitter and base regions, s is the recombination velo- V-mx -min
city at the contact, N,, the dope concentration at the 1 + (NN)" %4
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The mobility parameters in eq. (4) are given in Table (Na, exp(qAV,/kT))t=k~ (5)

For bandgap narrowing we can mention the folio- 0,.ideemndfo meseetsfthEal

win Sltmd:af SG)[1giete ad effect, 0,, follows from measured collector saturation
* Sltbom ad deGraff SdG)(21giv thebangap currents. By taking different geometries we have sepa-

narrowing as AVW= 9 - i0-1 (F + IFA +0.5) volts, rtdbl n iealcmoet.Fg hw h
with F = In (N11 * 10'") for p-type as well as n-type raeul for fourdferetroees comp ared. ig shith the

material.reutfofordfeetpoesscoprdwhte

0 del Alamo, Swirhun and Swanson (dASS) f3J found SdG and SKS models and the case A - 0. The
conclusion is that the existing bandgap models for the

in n-type material AV5 ,P M 18.7 * 10-1 In (Nn7* lo'~) base region overestimate the collector current by some
volts.30 to 50 percent. In most cases the product of mobility

e In p-type material Swirhun, Kwark and Swanson and bandgap narrowing in the base can be approxi-
(SKS) 141 found the same AV,. as in the SdG-model. mated by a constant (= 800 ± 100 cm2/vs).

* Bennett (B) 151 tcok for the minority carrier mobili- For the emitter Gummel number (Ge) not only
ties at high doping levels (N - 1020 cm 3 ) l~p 3.3 * A, and DP' but also the lifetime (%p) and the recoin-

j~ j and p. - 1.4 * N .j~,. At these doping levels the bination velocity (s) are important [61:
AVPis given by

kT rN-2 10 0 3 l G, (0.85 W, + £i!O))g(0){ I N exp(-q&V..,IT)

AV =2-k In I+.90 expI - 2.4 - s D___
qit q 1.68 *1020 ) - (6a)

Table 1 g(0) = JP(O) [P(Xm) (b.1p(Wj) tp(x.) + W,/4 Dp(0) + 'jWes (b

pi."maxn N. a remark
(cm 2/Ns) (cm2IVs) (cm-3) Q£VS/kT 15 $dG

1500-

SdG 468 49,7 1.6 * i0~0.7 n-type

*1360 92 1.3 * 1018 0.91 p-type

* dASS 500 130 8 * 1017 1.25 n-type 1000

SKS 1412 232 8 * 1016 0.9 p-type A +

500

The base Gummel number (G,,) determines the col-

lector saturation current density and is defined as to- 1011 Ole 0n

Fig. 1. Product of mobility and bandgap narrowing versus max.
-o W, dope concentration for p-type base regions. Fully drawn lines are

G, f exp(-qAV~p(x)/kT)dx model predictions, the lower ones for the case AVgap = 0)and
() D.(x) different mobilities.

qD. f qN~dX Tp(xm is the minority carrier lifetime at the spot of
0

maximum recombination; the contact is at x = 0.

w . X= ~w e From measured values of G, we have calculated Trp(xm)

0 via g(0), using the SdG. dAS and B models for minor-
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ity carrier mobility and bandgap narrowing. The three energy-dependent z.

resulting sets of z. values are compared with experi- e Hinsch et al. [9] take again To as constant and put

mental values from the literature in fig. 2. The dASS + 3 k (T-Tol

model gives the best results, the B model leads to vp Iq : 1

values that are one order of magnitude too low............... ....
0" /"t10

-a
_ T 1

-6 5-
t o o. vsi oo,,,n

Psp Canal8

A T0 -iTor

nib-- and O, mHnsch

&Morton* o A4
10- Olack and Cofrodt -~F. V cm

1

*Peowa, and Sual 2%
*11wkio and Swenson F%~. 3. Carrier temperature (TJ) versus electric field (F): experi-
e-3mMt and daivi o TuA& mental and theoretical. Cook uses T,, = 0.4 ps, for the Hinsch

10,10 model -tw = 0. 1 ps is taken.

0 SdO These three models for Tc (F) are compared in fig. 3

1611 + dASS AN with experimental values obtained from D(F) and fi(F)
A 6 qD(F)12 measurements [10, 11] : Tc = or from a spec-

10- 2 ... 1... trl nayss.f.umnecec ki±(F)' orfo' pc

1017 10ti 10 9 1020 tral analysis of luminescence effects in MOS-transis-
Donor concentration (cm -s ) tors [12].

Fig. 2. Minority carrier lifetimes in n+ emitters, from literature In the collector epilayer field strengths around 101
and from measurements using three different models.

V/cm may occur, but neither theory nor experiments

can yet tell us what carrier temperatures we can ex-
4. Hot carriers in collector epillayers pect. Velocity overshoot will probably occur, but only

over short distances of less than 0.1 ttm 181. In our
For homogeneous samples in the static situation we oe hr itne fls hn01g 8.I u

opinion hot carrier flow in collector epilayers is still
-4 - -. W-Wo

have J = qlm F and F • J - , where W is adequately described by the critical current density Jk~Tw
= q Nepi V.; it gives an extra voltage drop in the collec-

the carrier energy density and T, the energy relaxation~tor epilayer and increases the collector charging time

time. Introducing an (effective) carrier temperature

(T,) by means of W = 3/2k nTc results in rpiCb

S. Emitter sidewall effects

TC- To = - ",lF (7)
Fig. 4 shows the results of 2-D simulations of the

base and collector current densities crossing the e-b
* Cook [7] assumes that , i onstant -- 0.4 ps and junction [13]. From such simulations we learn that the

S= I, (1 + Fv) -j'. Substitution in eq. (7) gives base sidewall current strongly depends on the ratio of

T(F) as shown in fig. 3. the distance between contact and junction edge and

Baccarani et al. [8] start with a constant diffusivity the inta re diffus ion g and/ (. _):the minority carrier diffusion length (A/Lp), and on

and put TI 1 + ,resulting in an the recombination velocity (s) at the contact.
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a-UO A or mask

2.0 0.0 A

1 00

tCo,
0.1 If O

tfm

Fi.4. Calculated base and collector current densities crossing Fig. 6. Calculated depletion capacitance density along the e-b
the c-b junction. The highest Jt, belongs to A = 500 A. junction at Vt. = 0 volt. xj, = 0. 18 gim.

For A/Lp > 1 and low s-values (use of spacers and rather confused, but for bipolar transistors the concept
polysilicon contacts) we even get that hFE increases for of saturated drift velocity is still iseful. Sidewall effects

smaller emitters (see fig. 5), at the expense, of course, become increasingly important with submicron emit-

of larger series resistances. ters.

Fig. 6 shows the sidewall and bulk contributions of References
the e-b depletion capacitance.

The sidewall effects are clearly perceptible over dis- 1) J.H. van den Biessen, Solid -St. Electr. 29. 529
tances of about 0.2 tm for both currents and the capa- (1986).
citance. So a separation between bulk and sidewall 2 .. SoboII.d raf oi-t lcr
components only make sense for emitters wider than1985(97)

-SSIIUI~~~tIf19 St. (1e6). ,4 18)

too- 4)J.dlao S. SwirhunKwr, R.M. Swanson, oid
St 78cr 8 4 18)

Techn. Digest 24 (1986).
so 5) H.S. Bennet, IEEE Trans. ED-30, 920 (1983).

C3 6) H.C. de Graaff, i.W. Slotboom, A. Schmitz,

26- Solid-St. Electr. 20, 515 (1977).
7) R.K. Cook, IEEE Trans. ED-30, 1103 (1983).

00 0 0 .08) G. Baccarani, M.R. Wordeman, Solid-St. Electr.
Emitter widh Ui) 28, 407 (1985).

FigS. Current gpin NhOE versus emitter width. xO. 0. 18 pim, 9) W. HAnsch, M. Miura-Mattausch, J.Appl. Phys.
x= 0.40 tim., Al contact with A = 0.2 linm spacer width.6065(18)

10) C. Canali et al., Appi. Phys. Letrs. 27, 278 (1975).
6. Coincdaon 11) T.W. Sigmon, i.F. Gibbons, Appi. Phys. Ltr. 15,

320 (1969).
The existing models of bandgap narrowing, mobility 12) A. Toriumi et al., SSD 86-13, 33 (1986).

and lifetime, when confronted with measurements, 13) G.A.M. Hurkx, IEEE Trans. ED-34, accepted for
need some modifications. The hot carrier situation is publication.
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A2.3.3

AN ADVANCED BIPOLAR PROCESS USING TRENCH ISOLATION AND POLYSILICON EMITTER FOR
HIGH SPEED VLSI

M. ROCHE, G. BOREL, gL. INBERT, 0. THOMAS, L. FRITSCH, D. CELI
THOMSON SEMICONDUCTEURS BP 200 38522 Saint-EGREVE Cedex FRANCE

P. HUNT, PLESSEY Research LtD, Allen Clark Research Centre
Caswell Towcester, Northants NNI29Q U.K.
A. HEFNER, TELEFUNKEN Electronic Gkbh, Therenslenstrasse
01700, Heilbronn, Postfach 1109, RFA

1. INTRODUCTION
Super computers and communication systems the emitter electrode [31. As this approach in-

require very high speed circuits with a large volves several RIE steps it does not guarantee
degree of complexity such as signal processors, against the damages induced during base polysi-
gate arrays, RAN'S, PROM'S etc... Bipolar tech- licon etching. In order to separate the varia-
nology. always two to four times faster than MOS bles for a clear understanding of the trench

technology is on the move again, now that it has isolation problems we report the results concer-
overcome the scaling problems encountered with ning one polysilicon level.

*the MOS structures. As far as physical mecanisms

are concerned no real limitations are foreseen 2. DEVICE STRUCTURE AND FABRICATION STEPS
at present. To achieve the upmost performances In the first phase the process has been set
with bipolar technologies in the micron and up using one micron design rules. The photoli-
submicron ranges one has to deal primarily with thography steps were realized with the CENSOR
parasitic components. The only active part of SRA 9535. We found that alignment and focus ba-

the transistor is the one underneath the emit- sed on the procedure using phase contrast in
ter. All the other regions are parasitic and bright field were very sensitive to the thick-
decrease the performances. Their impact has to nesses of the different layers. To overcome

V be reduced. To go in this way the dielectric these difficulties we developed special scatte-

filled trench isolation combined with self-ali- ring alignment marks and new coating resist pro-
gned emitter base structure is the most promi- cess with very low pile up. For submicron lines

sing solution for the next five years [I Ei. a reversal resist process using the AZS214E pro-
Today a rather limited number of real appli- duct was studied.

4 cations come into sight. The reasons are first The concepts of the process sequence are ex-
of all the difficulties to fill perfectly the plained in Figure I (A)-(D) which illustrates
trenches without holes or crevices and secondly cross-sectional views of the NPN transistor.
the defects generation at the corners of the The process starts with a tri-step (high

ftrenches. This aspect is particularly important temperat.ure-low temperature-high temperature)

in the case of walled emitter and is one of the intrinsic gettering procedure performed on p

key issue of this paper. Concerning the self- type CZ pulled <100> orientated silicon. A full
aligned structure several schemes have been pro- sheet arsenic burried layer is implanted and
posed up to now. Undoubtely the best solution annealed followed by the O.9&n thick epitaxy
consists of two levels of polysilicon closely deposition. Special requirements for deep trench

separated by an oxide spacer, one level acting isolation have been described [4] [5].
as the base electrode and the other level as
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- conformal undoped polysilicon deposition

"r4 to refill the grooves

planarisation of this polysilicon layer

EE- oxidation for both field oxide and polysi-
A licon capping formation.

Two specific points have been studied

a)ACTIVE ARIA DiFiNsiOW - low defect generation

* chemical sidewalls cleaning prevents

contaminated and/or damaged silicon layer du-
ring the RIE to interface

.rounding the trench bottom by controlling

the redeposition rate of oxide during RIE and

adjusting the sidewall oxide thickness prevents

stress from the bottom corners to appear
b)po 'csoE POMAT ON . increasing the temperature of field and

Acapping oxidation prevents screw dislocation
from the top corners to occur.

- polysilicon planararisation.

Done with a sacrificial resist layer, the

___etch back is stopped just before reaching the

nitride, not to damage it. Then, an appropriate

cFIST METAL INTERCOM4 T oxidation of the remaining polysilicon is per-

formed. A wet etch clears the so-formed oxide

and a flat surface is reached. One can notice

Athat the expansion of polysilicon in the trench

during that last oxidation can be used to fill

the possible voids in between the two polysili-

con strips.

A conventional locos technique is employed to

cap the polysilicon in the trenches and to rea-

d)THImo METAL INTICONICT lize the field oxide. After the Si3N4 stripping,
the deep N+ region is phosphorus implanted and

driven. Next, extrinsic base is BF2 implanted.

.FIGURE I - Fabrication steps for NPN transistor Subsequently a plasma deposited S102 reinforces

the base oxide, then emitter and contacts are

A conventional process was developed that opened. A 200nm thick amorphous silicon layer is

combines deposited at 5600C under low pressure with a

- reactive ion etching employing CC1 4 gas, cleaning procedure which leads to an interfacial

where stacked layers of thermal silicon dioxide, oxide having a minimum thickness. Then the in-

LPCVD nitride and PECVD oxide are used as the trinsic base and the emitter are implanted (bo-

etching mask ron and arsenic respectively). After silicon

- oxidation of the trench sidewall to provide etch, a lOmn 9600C thermal treatment gives a

dielectric isolation 70nm deep emitter in the monosilicon, with a

- boron ions implantation in the bottom of 10Ohm wide base.

the trench for channel stopper creation A 8Onm thick PtSi in formed in the monosili-
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con contacts and at the top of the polysilicon

in order to realize one interconnect level insi-
de the cells. A SOOnm thick plasma deposited

layer of SiO2-P205 achieves the isolation bet-

ween the PtSi and the first metal. The metallic

interconnect system is realized with two layers

of AlSiTi. The pitches are 4imn and 6prm for the

first and the second metal layer respectively.

A combination of polylmide and SiN with tapered

VIA procedure ensures the isolation between me-

tallic layers.

3. EXPERIMENTAL RESULTS

A SEM cross-sectional view of a NPN transis-

tor is shown in figure 2. The transistor area is FIGURE 3 - SEM cross-sectional view of the

33A52. The emitter area is 0.75 x 1.5pm z. The trenches after Wright etch.

defects generation at the corners of the tren-

ches has been monitored with the wright etch TRANSISTOR T6 TRT2 TRT3
delineation. After optimisation of the filling Emitter 0.75xi.5 Ix2.5-2.5 1x5.5=5.5

conditions and the subsequent thermal treatments Area (Wm) = 1.125

no longer defects have been detected as shown Base Area (Waro) 71x.5-10.5 11.75x2.5 36.5-71.5
= 29.4 ___.5_1_

in the figure 3. Collector i1x1.5 15.75x2.5 11.25x5.5

Area (in') - 16.5 - 39.5 61.9

BF 160 80 110

IKF (mA) 1.6 3.8 7.5

RE (0) 70 40 20
4 Rbb' (nl) 1700 250 100

CBE (fF) 4.2 16.2 27.2

COC (fF) 7.1 19.5 25.2

fccs (fF) 8 18
Cut-off
Frequency (GHz) 18 18

BYEBO (V) 6 6.5 6.5

BVCBO (V) 12 13 13

BVCEO (V) 10 11 11

FIGURE 2 - SEM cross-sectional view of the NPN
transistor TABLE I - Main transistor characteristics.

The various transistor structures designed One notices the very good uniformity of hfe

allow an accurate determination of the most im- from IpA to OOspA.

portant electrical parameters. The cut off frequency Ft, (measured on tran-

For example Table I summarizes transistor sistor TRT3 which is large enough to eliminate

characteristics with different sizes. parasitic effects [63 : bonding pads capacitan-

Figure 4 shows forward current gain of T6 ces, rbb'...), is 18 GHz at VCE = 5V and IC =

transistor, which is designed with O.7im rules. 600pA (Figure 5).
The comparison between measured and simula-

509



ted delay times of ring oscillators, made of Fig. 6 shows the propagation delay/stage and

differential ECL inverters (21 stages) allows the internal logic swing, versus the current/

us to validate the above parameters (maximal de- stage for ROV3 (VEE = 2V).

viation about 5%).
Tp/st~le(KS)

16"

BF 14IS .06 360

140 125 --
20 13S -00

t •o -ls250

101

IO,. / • : 0j5. - - - -/- ,-so120 1 111 00

40, i5- 
I/S'a T

20 100 200 300 400 SO0 600 700 800 900 1000 1/stage(wA)
o . .o . . _t IC (A )

4" te iiI FIGURE 6 - Tp/stage and logic swing AV at
VEE = 2V
(Ring oscillator ROV3).

FIGURE 4 - Forward current gain versus
collector current at VBC 0
(NPN T6 Em = 0.75 X 1.5pm 2) 4. CONCLUSION

A new bipolar process devoted to applica

Ft(GHz) tions requiring sub 100ps gate delays and very
tOO ~high packing density has been set up. The iso-

lation is achieved with dielectric filled deep

trenches. An emphasis has been put on the reduc-

tion of the defects associated with the trench
10. filling. The polysilicon emitter has proved to

be effective to achieve high performances with

good yield. A 18 GHz cut off frequency has been

measured. The minimum propagation delay time
I .... ...... . . . .... . . ...... IC(mA)
.01 .1 10 evaluated in ECL ring oscillator is 88 ps.

This work is supported by the E.E.C program

ESPRIT under Contract n' 243 :Submicron Bipo-
FIGURE 5 - Ft versus IC at VCE 5V

(NPN TRT3 Em= 1 x 5.5p.' .lar Technology".

Table 2 gives the results of ring oscillators REFERENCES

ROV2 and ROV3 at the supply voltage VEE = 2V. [1] M. VORA et al, IEDM Tech. Dig. (1985) p. 34

M. SUZUKI et al IEEE J. Sol. Stat. Circuits
Vol SC22, N01, (1987) p. 41

Ring Transistor Emitter Propagation Current/ [3) H.K. PARK et al, IEEE El. Dev. letters,
Oscillator type Size (iw) Delay time stage(UA Vol ED27, N012 (1986)(ps)VoED7N12(96

ROV2 TRT2 I x 2.5 11s 0.4 [41 Tamaki et al, Jap. J. Appl. Phys. 21 (1981)
ROV3 TRT3 I x 5.5 95 1 [) D.D. TANG et al, IEEE J. Sol. Stat. circuits

Vol SC17, N°5, (1982) p. 925
H.M. REIN, IEEE J. solid state Electronics

TABLE 2 - ECL ring oscillators, VEE = 2V Vol 26, N'i, (1983) p. 75
Internal logic swing V = 350 mV
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B2.3.1

SO[ STRUCTURES BY ION IMPLANTATION AND ANNEALING IN A TEMPERATURE
GRADIENT

G. K. CELLER

AT&T Bell Laboratories Murray Hill, NJ 07974. USA

Si-on-insulator (SOI) technology is essential for space and military applications where immunity to
ionizing radiation is required. It will also lead to commercial, high speed CMOS circuits. This paper
reviews formation of SO1 structures by implantation of high doses of oxygen, followed by heat treatments
at 1405"C in a lamp furnace. The result is an Si0 2 layer, with atomically abrupt interfaces, buried under
a film of a device quality single crystalline Si. Since the SOI technology and the 3-D integration place
new requirements on control of dopants in the wafers, trapping and drift of arsenic introduced into the
Si0 2 is also discussed. It is demonstrated that As is immobile in the oxide under isothermal conditions up
to the melting temperature of silicon. When a temperature gradient is applied, the arsenic is swept toward
the heat source until it reaches the SiO2 /Si interface and is released into Si. The difference between
dopant transport with and without temperature gradients adds flexibility to processing of multilayer

structures.

1. INTRODUCTION The best SOI structures by oxygen implantation require

Si-on-insulator (SO) technology provides better heat treatments at the highest possible temperatures.

immunity to ionizing radiation, simpler design, increased Transport of As in the buried oxide requires a high

density of components, higher switching speed, and temperature and a temperature gradient. Both requirements

elimination of latchup [1-31. The benefits of SOl are best are satisfied in a special experimental configuration

realized in CMOS technology. This is illustrated in Fig. 1, described below.

where a conventional bulk CMOS inverter is drawn next to

one formed on a Si island that is dielectrically isolated from

the substrate. The layout of both inverters assumes the VONi

same minimum feature size. The SO structure is smaller
because the deep diffusion tubs are eliminated. The number GRO ro v00
of lithographic masks required to make the SOl circuits is

VoUT SOURCE/ VoU.T
also reduced. DRAIN LEADS GATE SiO2

1.1. Scope of the paper. SIDE

In this paper, formation of high quality Si-on-Si0 2 films BULK Si Sol

by oxygen implantation and very high temperature

annealing is discussed [4,51. The direct synthesis of a FIG. 1. A comparison of CMOS inverters in bulk Si and in

buried oxide has emerged in the last few years as the SOl Si-on-SiO2 .

method that is the most likely to be implemented in

radiation-hard MOS electronics. Commercial VLSI 2. HEATING AT HIGH TEMPERATURE AND IN A

applications are expected to follow some years later. TEMPERATURE GRADIENT

In the second part of the paper, some unique properties Annealing at 1405"C was performed in a lamp furnace,

of arsenic in SiO2 are discussed [6). Since As is an with the samples suspended between a bank of high

important n-type dopant of Si, the flexibility of trapping intensity lamps and a water cooled bane [g. The back side
and catrollably releasing the As from the oxide into Si is of each sample was held exactly at the melt temperature of

important for the SO1 technology [71. silicon, TM-1412"C, as indicated schematically in Fig. 2,
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a p1 ~p~ p2 3. SOI WAFERS BY OXYGEN IMPIANFATION
TFormation of oxides and nitrides by ion implantation has

Li been investigated since the late 196. (51. The first major

effort to prepare SO wafers by oxygen implantation wa

initiated at NlT by Izuni, who coined the acronym

SIMOX, for Separation by IMplanted OXygen [Il1. A
fED high dose of oxygen ions is implanted deep into silicon in

TM-7  such a way as to leave a surface film of single crystalline Si

b above a layer that eventually becomes SiO2. This requires

a dose of above 1018 cm -2 oxygen ions at an energy of at

"T M LT least 100 keV, but preferably 150-200 keV, to form silicon
dioxide films buried under 1000 to 3000 A of crystalline

silicon [12,131. The implantation is carried out at an

ME LTING elevated temperature, in 450 to 600'C range, to preserve

crystallinity of the surface layer of silicon.
As the oxygen dose is increased, the shape of oxygen

distribution changes from a skewed Gaussian profile typical

P, P2  for conventional ion implantation to a flat-topped one.

INPUT POWER P This change is caused by oxygen saturation at a

stoichiometric value of oxygen in SiO2, indicating that SiO2

FIG. 2. The heating arrangement with an intrinsic is formed already during implantation. Oxygen exceeding

temperature stability. (a) A cross section of a radiatively the stoichiometric concentration of 4.4 x 1022 cn - diffuses

heated sample, with one surface partially molten and the rapidly toward the wings of the distribution, where it
implanted surface at a slightly lower temperature. (b)
Three temperature regions, representing conventional oxidizes more Si. The critical dose for forming the SiO2

heating below TM, constant temperature regime, and deep during 200 keV implantation is 1.4 x lol cm- 2.

melting.

and the implanted side was 7"C cooler because of the ,6.000-

temperature gradient imposed by the heating configuration 0L2Z si.s

[91. This gradient is a function of temperature T,emissivity e of the surface not exposed to light, and thermal 1200 RANDW le

conductivity i,

VT- S

<100-AL~eE

where or is the Stefan-Boltzmann constant. At 1400C the

thermal conductivities of Si and SiO2 are -0.2 W/(cm K)

and -0.02 W/(cm K), respectively, resulting in , I

temperature gradients of -0.014C/lm in Si and 0C 40 oo 2 Soo U
in S andCHANNEL NUMBER

-0.14"C/pm in SiO2 when e - 0.6 is assumed for the Si
surface. The temperature stability is based on the change

in optical properties of silicon upon melting and ensures FIG. 3. RBS random and <100> aligned channeling
spectra for a sample implanted with molecular oxygen at

that the surface expoed to the photon flux will remain at 400 keV to a dose of 1.8 x l0l cm- 2 and annealed for 30
TM without any risk of overmelting (10). min at 1405"C.
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After implantation, an additional heat treatment is coated with an oxide film, of 0.2-0.51m thickness, to protect

required to repair damage caused in the silicon overlayer Si films during annealing from oxidation or pitting.

and to diffuse more oxygen toward the SiO2 where it is Annealing at temperatures up to 1250"C was carried out

incorporated in the oxide film. The final SO in a conventional, resistively heated tube furnace. Heat

microstructure is strongly coupled with the annealing treatments at 1405'C were carried out in the lamp furnace

conditions [9,14,151. Annealing above 1300"C is needed to described above.

obtain sharp Si/SiO2 interfaces. The heat treatment at Rutherford backscattering (RBS) and channeling

1405*C, near the melting point of Si, is particularly spectra after a 30 min heat treatment at 1405"C, shown in

effective in chemical segregation of implanted oxygen into Fig. 3, indicate that the entire silicon layer is a high quality

the buried Si02 and in recovering crystallinity of the Si single crystal, with the minimum yield Xj. - 3.3%. The

film (4,91. random spectrum shows that the oxygen.ba rediftduied

The results shown below have been obtained by completely to form a SOI structure with sharp and well

implanting Si (100) wafers at -550'C with O at 400 defined boundaries between silicon and oxide [161.

keV to a dose of 1.8 x 10' cm-2, using the Heavy Ion RBS and channeling are not sensitive to dislocations.

Accelerator at the University of Surrey, or by implanting Cross-sectional and plan-view transmission electron

1.7 x 1018 of O at 150 keV using the Eaton NV-200 high microscopy (TEM) are necessary to examine the details of

current implanter. After implantation the wafers were the microstructure. In Fig. 4, a series of sections after 2h

FIG. 4. TEM cross sections of three samples, which were implanted with the same oxygen dose [171.

FIG. 5. TEM cross section of a sample implanted at a lower energy of 150 keY.
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at 1150, 2h at 1250, and 0.5h at 1405"C are shown 1171. parameters [191.

After annealing at 1150"C the stoichiometric oxide layer is Recently, van Oramen et al. have reduced the density of
-40% thinner than would be expected from the implanted dislocations below I0 5cm- 2 by modifying implantation

dose. Both oxide interfaces are very irregular. The conditions for the maximum dose uniformity [201. If this
Si0 2/substrate interface consists of a series of oxide result can be extended to practical ion dose rates, the
platelets separated by defective silicon. The silicon film quality of SIMOX films will be further improved.

above the oxide has two regions, the top 700A is crystalline

with the threading dislocations density of 3 x 10' cm- 2 , and 4. PHASE SEPARATION AND DRIFT OF As IN SlO2 IN

the the remaining 3000, is highly defective and contains A TEMPERATURE GRADIENT

amorphous oxide polyhedra. After 1250"C the density of Diffusion of arsenic in the SiO 2 is a complex

threading dislocations is reduced to 3 x 10' cm- 2, but large phenomenon 121-24). It is shown here that transport of

oxide precipitates remain in the Si film. Smaller arsenic in the oxide can be controlled by parameters other

precipitates have been dissolved, contributing to the growth than the temperature alone. Arsenic implanted into the

of a few large precipitates and increasing the thickness of SiO2 can remain immobile at temperatures exceeding

the planar buried oxide layer. Both Si/SiO2 interfaces are 1400'C, or can be swept rapidly in one direction, depending

smoother than at the lower temperatures, but there are still on the heating conditions. The new degree of control over

considerable undulations. Platelets near the lower interface diffusion of As may be useful in building SOI structures.

have been replaced by a row of large silicon precipitates Kinsbron et al. [25,261 observed that during a complete

trapped inside the SiO 2 and aligned in a row about 300A oxidation of an As-implanted polysilicon film on SiO2 , small

away from the interface. arsenic-rich precipitates had formed at the initial location

After a treatment at 1405'C no precipitates can be of the polysilicon/SiO 2 interface. The arsenic was pushed to

detected in silicon on either side of the oxide. The this interface by the advancing oxidation front.

thickness of Si and oxide films is 2800 and 3700A, More recently we have observed that a large dose of As

respectively. Both oxide interfaces are smooth, but some implanted directly into SiO2 precipitates inside the oxide

faceted crystallites of Si still remain embedded in the oxide into a separate, As-rich phase, when heated in an oxygen-

near the back interface. This can be seen more clearly in a free ambient [6,271. The spherical As-rich droplets

cross sectional view of another sample, shown in Fig. 5. propagate in a temperature gradient by the mechanism of

This sample has been implanted at 150 keY, vith the thermomigration. By controlling not only the temperature

temperature held near 580"C. Because of the lower but also the VT we can move the entire As-rich zone

implant energy and the 750A screen oxide used during toward the heat source or hold it essentially immobile.

implantation, the Si film over the oxide is only about half 4.1. Experimental Conditions

the thickness of that in the previous Figure. Other features Arsenic doses of 3 x 101
4 to 3 x 1016 cm- 2 were

are very similar; sharp interfaces, the absence of oxide implanted at 100 keV into SiO 2 grown in steam at 1050"C

precipitates in Si and the row of Si precipitates near the on (100) Si wafers. For some experiments, additional SiO2

back oxide interface. Threading dislocations are the main was deposited over the thermal oxide by low pressure CVD

defects left in the Si film. to bury the implanted arsenic deeper inside the oxide. A

Many groups are currently building and characterizing 1.5#im layer of polycrystalline silicon was deposited on the

device structures in SIMOX films, from individual oxide at 620'C. This Si film is necessary to increase

transistors and ring oscillators to 64K static random access surface emissivity over that of the oxide, since this controls

memories 13,18). The majority of these devices was made the VT. The silicon film also acts as a diffusion barrier for

in films without abrupt interfaces, which necessitated any oxygen left in the furnace chamber and as a sink for

deposition of epitaxial Si to increase the thickness of the mobile oxygen present in the SiO2.

single crystalline films. Since wafers processed above Samples were heated from one side only in the lamp

1300"C have a thicker layer of precipitate-free silicon, furnace. The sample temperature was above 1200'C, and

epitaxial deposition may no longer be necessary. CMOS in most experiments near 1405 "C, with the

transistors in such wafers have excellent electrical VT & 0.1 4"C/,um in the SiO2 .
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00 Io A T After 100 min the entire peak reaches the interface and
ANNEAL. TIME oOOA 0

90 ,0i I I .- outdiffuses into silicon.a20owla
so- t 3 401 n .Cross-sectional TEM micrographs from the same series

0 Gowa
o eomi of samples show that As has segregated into spherical

Go -S-- VT inclusions of 10 to 30 nm diameter and that these inclusions
Si So 2  move in the SiO2 towards the heat source, as shown in Fig.50o 7. The As-rich spheres and the SiOz are amorphous; there

1400 is no indication of impurity induced crystallization. -

30 -The drift velocity is approximately the same for all

20o implanted doses of arsenic above 3 x loll CM-2 . For lower

10o As doses, there is no segregation or drift, and RBS spectra

0 mindicate conventional diffusion.zo 370 3Wo 390 0 410
C36A30E8 Results for samples with thicker oxide, and in particular

for samples where the As was buried deep inside the SiO2

FIG. 6. Distribution of arsenic in the SiO2 after different are somewhat different. In these samples there is either
heating periods in the temperature gradient. The origin of little or no drift during an incubation period, from 30 to
the distance scale is at the oxide surface after removal of 120 mi depending on the placement of arsenic. After the
the polycrystalline Si coating.

incubation period, the drift is at a constant rate which is

4.2. Arsenic Drift Data about the same as that in the thin oxide samples from

RBS results for a series of heat treatments at 1405'C of Figures 6 and 7. TEM micrographs show that in these

a sample with 1016 As implanted into 0.4,m of SiO2 and samples the spherical As-rich inclusions form slowly, and

coated with 1.5Mum of polycrystalline Si are shown in Fig. 6. only after they reach a critical radius of about 50A, the

The peaks represent arsenic before the first heat treatment drift begins.

and afteW series of 20 min heating cycles at 1405'C. The 4.3 Discussion of As Transport Phenomena

center of the As distribution moves at a linear rate of In the absence of free oxygen, arsenic in Si0 2

2300,Ahour, with little loss of mass, and with broadening segregates into spherical inclusions, provided that the initial

that is small compared to the peak shift. By measuring the As concentration is sufficient (above I at. %). The distance

area under the peaks we have determined that only 4% of between the arsenic-rich band and the Si/SiO2 interfaces

As is lost from the drifting zone during the first 60 minutes. determines the incubation time for the growth of these

FIG. 7. TEM micrographs of As in the SiO 2 . (a) Before high temperature treatment; (b) after 20 min,
and (c) after 40 min at 1405"C The temperature gradient is 0.14"C/m with the heat supplied from the
bottom in this figure. Distortion of the upper Si/SiO2 interface is caused by grain growth in
polyrystailne silicon.

517



inclusios to the critical sz needed for drifting in the 4.4. Applications of As drift

temperature gradient. We interpret this last dependence as Drift of arsenic in the SiO2 can be utilized to form
related to the rate of removal of oxygen (possibly present in buried conducting layers near the isolation oxide. In the

the form of OH or H2 0) from the vicinity of As atoms. At example discussed here, 5Om thick Si films were

high temperatures, this oxygen diffuses through the SiO2 recrystallized from the melt over 41m thick oxide [29.
until it reacts with Si at one of the two Si/SiO2 interfaces. The high voltage device structure required that n+ region
The resulting oxygen concentration gradients cause the be formed in the recrystallized layer, adjacent to the buried
most rapid depletion of oxygen near the interfaces and the oxide. Since the Si film has to be melted, it can only be
slowest drop in concentration at the center of the SiO2. doped after resolidification, but the film thickness precludes

If a temperature gradient is present in addition to the ion implantation into the recrystallized layer. The solution
elevated temperature, the droplets drift with a constant is to implant the arsenic into the SiO 2 before deposition of
velocity toward the heat source, until they reach the the polycrystalline Si overlayer [7). It remains immobile

Si/SiO2 interface and conventional diffusion of As in Si inside the oxide through the entire high temperature
takes over. processing sequence. After recrystallization, a heat

The drift is caused by thermomigration, a process which treatment in a temperature gradient sweeps the As
typically involves liquid droplets moving through the solid distribution out of the SiO 2 and into silicon. Concentration

by dissolution of the solid at the hotter side of the droplet, of As in Si, for two directions of the VT is shown in Fig. 8.
diffusion of the matrix atoms through the liquid, and their A similar approach, but with shorter heat treatments in a
redeposition on the cooler side (281. The rate of droplet VT, could be used in thin film S0l structures. In the case
migration is limited either by diffusion in the liquid or by of multiple active layers of Si on SiO 2 , the n' dopant held
kinetics of dissolution and redeposition. The constant inside the oxide films would be released near the end of the
velocity of the As-rich droplets, independent of the droplet processing sequence. Directed energy. heating could also be
radius above a 50A threshold, is consistent with the drift employed for a spatially localized arsenic transport in a
governed by volume diffusion in the liquid [61. large VT.
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FIG. 8. Formation of a buried n+ region in Si adjacent to the isolation oxide. The amount of As that
outdiffuses from the SiO2 depends strongly on the direction of the temperature gradient.
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B2.3.2

OXYGEN IMPLANTATION FOR SO1 DEVICE TECHNOLOGIES

Kevin YALLUP*, An De VEIRMANt, Luc DUPASI, Kristin De MEYERS+

Analog Devices, c/o IMEC Kapeldreef 75, 5-3030 Leuven
t Universiteit Antwerpen,.RUCA, Groenborgerlaan 171, B-2020 Antwerpen
t IMEC Kapeldreef 75, 8-3030 Leuven

In this work the formation of silicon On insulator (SOl) substrates by oxygen implantation
(SIMOX) and annealing followed by an epitaxial deposition step will be described. Physical
results for the material will be presented and then the corresponding electrical parameters will
be discussed and compared with -those obtained from bulk wafers processed simultaneously.
From the results described we hope to indicate the areas in which problems are likely to occur
when using such substrates in an IC process.

1 SAMPLE PREPARATION simple guard-banding scheme in conjunction with a deposited

thick oxide.
Standard CZ n-type, (100), 5 ohm-cm wafers implanted

with oxygen ions to a dose of 2xl0'8cm-2 at an energy of 150 2 STRUCTURAL RESULTS

keV and a temperature of 600 IC have been obtained from a

commercial source. The substrates were then capped with 100 Figure la shows a composite cross sectional TEM micro-

nm of CVD oxide in order to protect the surface and annealed graph of the 0,2 and 4 hour annealed specimens. It can be

at a temperature of 1250 "C for times of 0, 2, 4 and 8 hours seen that the most striking changes in material properties of

in a nitrogen ambient. After annealing, the capping layer was the buried oxide and silicon layers take place in the first 2 hours

stripped in buffer HF. One specimen of each annealing time of the annealing cycle. The very large number of small sil-

was prepared for TEM examination as described elsewhere (1]. icon dioxide precipitates seen after implantation are replaced

A second set of substrates were given the 8 hour anneal after by a much smaller number of larger precipitates and the ox-

which a modified version of a standard process was used to ide/silicon interfaces become much more abrupt. In addition,

deposit a 5 em epitaxial layer of lightly n-doped silicon. Only threading dislocations are formed in the surface semiconductor

the longest annealing time was used for this part of the work in layer. After the 4 hour anneal, the oxide interfaces become
, order to obtain the best quality starting material for the growth soehtmohranteoxdpeciaesreopley

step. One specimen was also prepared for TEM examination eliminated from the silicon ovedayer. This is confirmed by the

and the remaining wafers were processed to form devices. plan view TEM micrographs of the 2 and 4 hour heat treat-

smplemets shown in Figures lb and lc. In these images the oxide

left structures on both the SIMOX substrates described above precipitates are labelled P and crystalline silicon carbide precipi-

and bulk control wafers which had received an identical epitaxial tates C. After 8 hours, very little further change inthe structure

deposition. No threshold adjust implants were employed, the of the SIMOX substrate is observed.

n-channel threshold was set by the doping level of the well In contrast to the oxide precipitates, the threading dislo-

and the p-channel value was set by that of the substrate. The cation density does not appear to change significantly during

gate oxide thickness was 100 nm. In order to further simplify the course of the heat treatments studied here. One possible

processing, field isolation between devices was provided by a reason for the apparent stability of these structures is the fact

I

+ Research Associate of the Belgian National Fund for Scientific Research, Professor at the

K.U. Leuven
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FIGURE 1

la) Cross-sectional HVEM image of the oxygen implanted struc-
tures after annealing for 0, 2 and 4 hours at 1250 C.

ib), ic) plan view TEM of silicon ovedayer after 2 hours (Ib)
and 4 hours (lc) anneal at 1250 C.

that they traverse the silicon overlayer from one interface to

the other. A more complete description of the formation and

evolution of the defect structures described above can be found

in [1]. In general, our findings are very similar to those that

have been observed in studies carried out by other workers e.g.

(2,3,4] at both similar and higher temperatures.
Structural examination of a wafer annealed for 8 hours fol-

lowed by an epitaxial deposition in cross-sectional TEM (Fig-
ure 2) shows that the threading dislocations present after im-

plantation and annealing propagate into the deposited layer. It

can be seen that the density of such defects appears to decrease

from the bottom to the top. A surface density of approximately

7xl0 Tcm- 2 has been obtained by secco etching and SEM ex-

amination. This value should be compared with an estimatedFIGURE 2 post-anneal surface dislocation density of 3x10"cm- 2 which has

Cross-sectional HVEM image of the epitaxial layer illustrating been measured on plan view TEM micrographs such as Fig-

the decrease of dislocation density towards the surface. ure 1. Clearly some elimination of dislocations is taking place
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during the course of the epitaxial deposition. More detailed

TEM studies have dhown dislocations apparently merging and SIMOX ULK

annihilating each other but at present the mechanism for this Irev -. n- 4ll 3 10

phenomenon is not cear. Further work is required to clarify +rev A2m n+  7x10 -  xl0-

the exact processes that take place during the deposition of P+ 2x10 2x10-

epitaxial layers on SIMOX substrates. Ideality .

P+ 1.09 1.05
3 ELECTRICAL RESULTS Table 2: Eletrial aaeauur.inets ou large arr.a di( dt4. anI

Gate oxide to silicon interface state density has been es- (U4)Cil-O1x. Ilev(tle bia lttkage a8 maured at 15 V.

timated by comparing high and low frequency (quasi-static)

C-V measurements made on large area capacitors. The r- age of bulk and oxygen implanted wafers at 15V reverse bias.

suIts are shown in Table 1. Clearly the surface state density It can be seen that the SIMOX n+ to p-well junctions have

at the oxide/silicon interface is not significantly increased by a poorer performance than the bulk equivalents whereas the

the presence of large numbers of defects such as those seen in p ton-substratedevicesgiveapproximatelythesameleak-

Figure 2. Furthermore, measurements on long channel transis- age current in both cases. More detailed examination of the

tors (Table 1) show that neither the channel mobility nor the reverse-bias characteristics show that the n+ diodes in the oxy-

threshold voltage of such devices are significantly affected by gen implanted substrates have very soft characteristics with a

the oxygen implantation. Such a result is to be expected for slightly lower breakdown voltage than the bulk equivalents. On

the other hand, when the forward bias ideality factor is exam-

ined in Table 2 it can be seen that both the n+ and the p+

SIMOX BULK diodes are similarly degraded in the oxygen implanted substrate.

Dit ev-1cm- 2  p-well 2.4 1010 1.8 101 Other workers (51 have also reported similar observations. Such

p [cm2/Vs) n-chan 730 -h 7 734 ± 8 an apparently contradictory result can be understood if it is re-

p-chan 318 ± 3 321 ± 4 membered that the forward and reverse biased diode currents

Vt [V] n-chan 1.16 ± 0.01 1.25 ± 0.01 are made up from two terms, due to generation and diffusion

p-chan -1.10 + 0.03 -1.10 1 0.02 respectively, weighted by different factors in the two conduction

*f 'lulk{' J: E ,|ectrial'iiwt iireuil s ota |l-re , lluUie trasis- regimes. Thus, in the case of reverse bias leakage, the experi-

mental results suggest that the generation current is only sig-

nificant for the n+ diodes, whereas in the forward bias regime it

tieappears to be an important component of the total conductionthe SIMOX substrates in this sudy as the epitaxial layers era- c reto ohtp so eiej current f both types f device.
ployed are thick enough that the buried oxide will not influence

the performance of surface devices such as MOS transistors. Another problem that could occur in junctions formed in

On the other hand, one of the bulk properties that can be highly dislocated material is the formation of spikes by the en-

hanced diffusion of dopant along the core of such defects. Dif-epected to be modified by the presence o€ large numbers of
ferences in diffusion behaviour of the n and p dopant speciesdefects is lifetime. C-t measurements of lare reagate oxide hsbe agl ue u ntepeetsuyb xmnto
could thus offer an alternative explanation for the differences in

capacitors were carried out and Zerbst analysis has been used
diode reverse bias leakage. However, the possibility of spiking

to derive a value for the carrier lifetime. Table 2 compares

values of this parameter for the two substrate types. it can hsbe agl ue u ntepeetsuyb xmnto
vales ofat parth e forthtwo substrate ype s. e ca n of the temperature dependence of the reverse bias leakage be-
be seen that the SIMOX substrates do indeed have a shorter
mninority carrier lifetime than bulk substrates. haviour. If this problem were present, it would be expected

Ithat the leakage would be determined by the electric field atIt is well known that the carrier lifetime can also have an the spke tip and thus be relatively independent of temperature.

influence on the leakage of junctions through the generation Five measurements of the teyperature dependence of the re-

component of the current. Table 2 compares the diode leak- iemauew so h eprtr eedneo h e
verse bias current at 5V were carried out on each substrate
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type. In all cam the results thawed an Airhenius type be- ture of high performance bipolar or power devices unless some

haviour with an activation energy of approximately I eV. Such improvement in material quality can be achieved.

a value is not consistent with leakage currents due to junction

spikes. 6 CONCLUSIONS

4 DISCUSSION We have shown that oxygen implanted substrates can be

processed in a relatively conventional manner to form starting

We have shown that the technology of high current oxygen material of acceptable quality. It is possible to process such

implantation combined with a suitable annealing cycle and epi- wafers using a simple CMOS process to form devices with an

taxial deposition step is capable of producing SOI substrates acceptable performance. On the other hand, the material does

where the only significant defects are threading dislocations, not appear to be suitable for the fabrication of bipolar or power

These structures are present in the top silicon region after the devices unless some substantial improvement can be made in

annealing process and propagate through the epitaxial layer the quality of the as-implanted and annealed susbstrates.

during deposition. However, we have shown that the disloca-

tion density apparently decreases from the back of this layer to ACKNOWLEDGEMENTS

the front. The density at the surface is 7xlOcm- 2.

It is known that dislocations generally only have a weak We should like to thank Dr. H. Maes and Dr. J. Van Landuyt

electrical activity in themselves. However, it is likely that they for their assistance with this work.

can act as preferential sites for the formation of more detri-

mental defects [6]. In particular, heavy metals (e.g. Cu, Fe) References

can be gettered by such structures to form electrically active [11 De Veirman A., Yallup K., Van Landuyt J., Maes H.E.,

precipitates. Amelinckx S., Proc. 5th Oxford Confr. Microsc. Seicond,

In the present study, we indeed observe a reduction in life- Mat., to be published in Inst. Phys. Confr. Series 1987

time of the SIMOX material relative to bulk controls such as

might be expected in the presence of decorated dislocations. (21 Hemnment, P.L.F., European Mat. Res. Soc. Proc. 1985

We might reasonably anticipate that other important device p4 75

performance parameters influenced by generation lifetime will (31 Bruel M., Jaussaud C., Margail J., and Stoemenos J., Eu-

be altered in SIMOX material and in fact junctions fabricated ropean Mat. Res. Soc. Proc. 1986 p105

in oxygen implanted material show a somewhat degraded per-

formance when compared to those made on bulk wafers. The (4) Marsh C.D., Hutchinson J.L., Booker G.R., Reeson K.J.,

results we have obtained are similar to those reported in (6) Hemmnt P.L.F., Celler G.K., Proc. 5th Oxford Confr. Mi-

where the change in diode parameters was attributed to dec- crosc. Semicond. Mat., to be published in Inst. Phys. Confr.

orated stacking faults. On the other hand, if parameters that Series 1987

are not directly affected by the generation lifetime are exam- [51 Krull W.A., Rouse G.V., Cherne R.D., Buller J.F., 1986

ined, such as channel mobility or threshold voltage, then no IEEE SOS/SOl Workshop

difference is seen between bulk and SIMOX substrates.

Although the degradation of lifetime in SIMOX substrates [6] Dishman J.M., Haszko S.E., Marcus R.B., Murarka S.P.,

that we have reported is undesireable, it is probably not large Sheng T.T., J. App. Phys. 50(4) 1979 p2689

enough to result in an unacceptable loss of MOS device perfor-

mance. However, the value of this parameter measured in this

work is rather low in the oxygen implanted wafers when com-

pared to that expected foe a process in which the fabrication

schedule has been optimised to improve the lifetime. Thus it is

likely that such substrates will not be suitable for the manufac-
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B2.3.3

SMALL GEOMETRY SOI/CMOS DEVICES ON SIMOX SUBSTRATES

J R Davis, K Reeson and P L F Hemment

British Telecom Research Labs, Martlesham Heath, Ipswich, UK.
*University of Surrey, Guildford, Surrey, UK.

Small geometry CMOS transistors have been made in SOI wafers produced by high dose
oxygen implantation. By performing the implantation at high energy (200 keV) and
annealing the wafers at 13000C, the thickness and quality of the resulting silicon
film is such that the expensive and difficult to control step of epitaxial growth
is not needed. The lack of any major crystallographic defects (other than threading
dislocations) results in the absence of any anonolous lateral diffusion of the
source/drain dopants, allowing 1 micron gates to be used without excessive channel
shortening.

1. INTRODUCTION heating. No screen oxide was used. The wafers

Considerable progress has been made in were then annealed at 13000C for 2 or 20 hours

recent years towards producing the silicon on in a nitrogen ambient and using a protective

insulator (SOI) layers by oxygen implantation, cap of deposited oxide. CMOS transistors were

The primary application for these layers is as fabricated in these wafers, without epitaxy,

a substrate for high-performance CMOS circuits. using a conventional polysilicon gate process

In many cases in the literature iI, the with WOCOS isolation. The total reduction in

CMOS transistors have been fabricated in an the thickness of silicon islands due to the

epitaxial layer grown on top of the thin growth of various oxides was 34 nm. Boron

silicon film isolated by the oxygen implant- implantation was performed with a range of

ation. The advantage of this technique is doses into the channels of both the p- and

that the active areas of the devices avoid any n-channel transistors to adjust the threshold

crystalline damage left in the silicon film voltages and to control conduction along the

after implantation and annealing. The back channel. The gate oxide thickness was

disadvantages are that the silicon islands 27 am.

are thicker than optimum and also that the

epitaxial growth step is expensive and 3. MATERIALS

difficult to control. In this paper we show TEN cross-sections [21 of wafers similar

that by using a high energy (200 keV) implant, to those used for device fabrication showed

followed by annealing at 1300 C, the quality that the thickness of the buried oxide was

of the silicon layer and its interfaces is approximately 400 nm, in good agreement with

sufficient to support high-performance the value of 410 nm predicted by assuming that

transistor action without the need for epitaxy. the total implanted dose is converted to

stoichiometric silicon dioxide. The top

2. METHOD silicon film was approximately 290 nm thick.

Standard 3" (100) 20 ohm.cm p-type wafers Wafers annealed for 2 hours (at 1300)00 showed

were implanted with 1.8 x 1018 0+ ions/cm 2 at an abrupt interface between the buried oxide

200 keV. Only the central 2.5 x 2.5 cm2 area and the silicon film. There was, however, a

was implanted and the wafers were maintained row of small (20-40 nm) oxide precipitates in

at temperatures of around 500-520°C by beam the silicon film about 100 rnm from the buried
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interface. These precipitates disappeared in channel mobility corresponded to the highest

the specimen annealed for 20 hours, in agreement implantation temperatures. This indicates that

with the results of Margail et al [3]. better regrowth of the back interface and

Threading dislocations, running through the dissolution of the oxide precipitates occurs

total thickness of the silicon film, were if amorphisation of the silicon near the

found for both annealing times. The measured buried oxide is avoided [61.

densities of these dislocations were Drain junction leakages measured with the

I x 109 cm- 2 after 2 hours and 4 x 108 cm- 2  transistors in the 'off' state and with

after 20 hours but it is not certain if this IVDI = 1V were typically below 5 x 10 A/

reduction is attributable to the increased micron channel width for both transistor types.

annealing or to small variations in the Even for p-channel transistors in which the

implantation conditions, channel was buried by using a boron counter-

Although the TEM cross-sections and RBS doping implant, the leakage did not exceed

studies showed that the longer annealing time 10- 13 A/micron. It is probable that these low

produced an improvement in the crystal values are obtained in the presence of the

structure, SIMS profiling [4] indicated that large number of dislocations because they do

it was accompanied by a peak of high oxygen not intersect the junction.

concentration very near the top surface of the

silicon. The cause of this effect is not

known and is being investigated further. 120

Probably as a result of this high oxygen (a) n-channel

level, the electrical properties of the top > 110

interface were slightly degraded by the longer - a

anneal. The results that follow refer to the o
-'a Boron

2 hour anneal unless otherwise stated. -2 0 4E11 8Ell -dose~(cm- 2 )

4. ELECTRICAL RESULTS D 80 1" i . . I . I I I . I

4.1 General 0.2 0.4 0.6 0.8 1.0 1.2

Low field inversion mobilities were threshold voltage, VT volts

extracted from plots of reciprocal gain versus 110 Ib)pchannel

drawn channel length. Average values of
2 2 0

580 cm /V.s for electrons and 205 cm /V.s for E 10Ei Boron dose =a 4E ll

holes were obtained from n- and p-channel c90 m -2

transistors with optimum boron implant doses. X

These values are within a few percent of those 80 x

obtained on bulk transistors with similar

doping levels and are better than those -0.2 -0.4 -0.6 -0.8 -1.0 -1.2

obtained on earlier wafers annealed at 1150 oc threshold voltage, VT volts

or 12000C.

Electron mobilities were also measured at FIGURE 1

the back interface by using the silicon Correlation between the threshold voltage and

substrate as a gate. For the wafer annealed subthreshold slope of individual SOI trans-
2 istors for a variety of shallow boron implant

for 20 hours, values in the range 150-450 cm2/ doses. (a) n-channel, (b) p-channel.

V.s were obtained, far higher than for earlier

devices [51. The highest values of back-

526

14-_



The correlation of the subthreshold slope dopant implantation schedule, thus rendering

s (a - dVG/d (log(ID)) in mV/decade) and the back-gate bias unnecessary. Note that the

threshold voltage is shown in Figure 1 for edge-current path in this case with LOCOS-

several channel implants. Values of less than isolated islands is at the back interface, in

100 mV/decade are achieved with the single contrast to the island edge effects reported

exception of the n-channel transistor with the previously for mesa-isolated devices [8]. In

highest implant dose. These values are in good this latter case the current flows along the

* agreement with those predicted by a modified top edges of the islands where the gate fields

* version of MINIMOS [71 assuming an ideal from the top and sides of the island overlap

silicon film. Earlier transistors in films and cause a local reduction in threshold

annealed at lower temperatures had signifi- voltage.

cantly worse subthreshold slopes and could be 4.2 Short Channel Effects

modelled by assuming the presence of bulk Output characteristics of short channel

states in the silicon. transistors (1.0 micron gates) are shown in

The subthreshold characteristics of the Fig 3. Both transistor types show good

n-channel transistors shown in Fig. 1 were current drive capability and relatively small

measured with a bias applied to the back gate

(VW = -1V) in order to prevent conduction 3 (a) n-channVl

along the edges of the transistor at the 
5

10- 4
W:L 8:3/Mm E 2
VD.l V 3C

-106 1017 1016 101s

S I 2

10
-
-2 -40 1 2 3 4 S

drain voltage, volts

10t12 I_____L_____________I_

-2 -1 0 1 2 3
gate voltage, volts -1.5 (b) p-channel

FIGURE 2 VG _5V
Subthreshold characteristics of an n-channel E
transistor as a function of the back-gate
voltage. Inset: calculated channel doping
profile (cm-3 ) at the island edge. _3

-S -0.6
interface with the buried oxide. In Fig 2 an -2

anomolous low-level component of subthreshold
current is seen to be removed by accmulating 00 -1 -2 3 -4 -5

the back interface of the film with a negative drain voltage, volts

voltage. The characteristics of edgeless FIGURE 3

(closed geometry) transistors were independent Output characteristics for short channel

of this bias. The cause of the extra current transistorsinS0Iwafersannealed at 13000c
for 2 hours. Gate length a I micron, channel

at the device edges is the change in doping width - 8 microns. (a) n-channel, (b)

profile caused by the bird's beak, as shown in p-channel.

the inset of Fig 2. This reduction in effective

doping can be overcome by simple changes in the
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short channel effects. No 'kink' is seen in means optimised, shows that viable short

the n-channel characteristics due to the fact channel transistors can be produced with very

that with the relatively thin silicon film the simple processing.

island is completely depleted and there is no

neutral region to be charged by hot carrier ACKNOWLEDGENTS
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B2.3.4

CARRIER GENERATION AND TRAPPING PROPEIRTS IN SIMOX STRUClURM

Tarek Blown Hiham Haddama and Soa Crlstalovanu

Laboratoire do Physique des Composants A Semiconducteurs,
ENSERG, 23 rue des Martyrs, 38031 Grenoble Cedex, France.

New methods and results related to the characterization of silicon on insulator material foamed by deep oxygen
implantation (SIMOX) are presented. An original and exact analysis allows us to determine both the minority carrier
lifetime and the surface recombination velocity by monitoring the transient drain current of depletion mode SIMOX
transistors pulsed in deep depletion. In addition, the dynamic transconductanc technique, initially proposed for
enhancement devices, is adapted to characterize interface properties of depletion mode transistors.

1. INTRODUCTION From the equation of charge conservation in an MOS system,

The characterization of interface and volume properties of the sum of the inversion charge Qinv and the interface trap

silicon on insulator (SOl) material is difficult using conventional charge Oit is :

capacitance methods. This is due to : (1) the complex multi-

interface nature of SOl structures, (2) the absence of a film (Qnv+qit)-Co(V+ FB" 2e' a--1

contact (3) the increased influence of parasitic capacitances [ 1 ]

and (4) the very small gate area of VLSI devices. In this paper, with Cox : the gate oxide capacitance, VG : the gate voltage,

we present new results related to the characterization ofSIMOX VpB : the flat band voltage, Nd : the film doping, W : the

materials fabricated under different processing conditions, depletion layer width and es : the silicon permitivity. The

These results concern several important parameters, namely : the depletion layer width W can be expressed in terms of the drain

minority carrier lifetime %, the surface recombination velocity s o  current Id as follows:

as well as the density of interface traps. Such a characterization

has been possible by means of two original methods which we L d Wf Kd(2

* present, for the first time, in the next two sections. wZV d

where Wf is the silicon film width, L : the channel length, Z : the

channel width, a : the film conductivity, VD : the drain voltage
2. MINORI CARRIER LIFETIME AND SURFACE and K - L/(aZVD). By differentiating (1) with respect to time

RECOMBINATION VELOCITY
we get:

The minority carrier lifetime - is a very important parameter

in characteizng the quality of silicon films. The application of N C a

the standard deep depletion capacitance technique (2] is not dnox d [(W+ ) - -id(t)],

straightforward due to the strong influence of parasitic 2 a ox

capactaunce and ae resiatance [1]. This difficulty has been K[Id(M)'d(t ) ]

avoided by monitoring the transient drain current in a depletion f 0

mode transiator (DMT) while being pulsed in deep depletion where Id(o) is the final steady state current. The right hand side

(3]. However, the extraction of f was carried out using an (R.H.S.) of (3) represents the generation in the bulk as well as

approximate analysis which neglects the influence of surface under the gate. By plotting the le hand side (L.H.S.) of (3)

recombination. Here, we present an exact analy sim*a to versus [ Id(s) - Id(t) ], we obtain a straight line from which - and

that of Zerbst (2], to determine both r and so .  so can be extracted using the slope and the intercept respectively.
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Meaurmetswere performed on SIMOX samaple. W b0
ricated by implanting a high oxypea dose (LI.MU O1/an2)

at 200 keY with an implantation temperature of 500 *C Bob h

low temperature (M20 'C) and high temnperature (1300-140 *C)
6 .

anneals have been performed. A semiconductor parameter5
analyzer (HP 4145B) wss used to monito the transient drain

IA
current uafunction of time.Fg. showsthe ransint drain2 0. * op 1.ls

current for an e4geless N+NN+ transistor with Nd - 10-1 2

czn3 and annealed at 14M-C The Minasof Yand so, obtained __ _ _ _ __ _ _ _ _

from the inear part of the transient shown in ig.Z were 1.6a 0pis 1

and 0.2 csrespectively The high value obtained for -igives K (I - MdtI io-('C
evidence, of the good quality of the silicon film after annealing at

high temperature. In contast, much smallr lifetime values (10- FIGURE 2

100 N according to processing conditions) were obtained for

silicon films annealed at low temperatures which conflrrms their Extraction of the minority carrier lifetime -r and the surface

inferior quality. The departure from linearity at the beginning of recombbunation velocity so from the slope and the intercept

the transient (Fig.2) is attributed! to a non constant surfaice epciey seen

recomnbination velocity. The low value obtained for so, from the 3. INTERFACE TRAP PROPERTIES

intercept, corresponds to the surface recombination velocity Recently, a new technique has been proposed for the

under the gat when the surface is strongly inverted, determination of interface trap properties from the dynamic

Measurements were also performed on conventional transistors transconductance of enhancement MOSFurs made on bulk-Si

(e. wi vth edges) ; the results indicate the strong influence of the [4]. In this section, the dynamic transconductance technique is

sidewailk generation component on the slope of the straight line, adapted to depletion mode transistor and applied to

This suggests a new definition of an *effective measured lifetime. characterize transistors fabricated on SIMOX material

More details will be given elsewhere.

In an N +NN + transistor which is riot totally depleted and

operates in the ohmic region (iLe. VD > >0), the drain current

1 _________0___ is given by:

z (4)
4C, 90. edgelesa 'N~N 4  d - (F "dmax qd)VD

(; ?xW VxVO z 0.m2  with Qn - qNdWf. The transconductane ge dd/dVG
u = ~d V z~ 0.05V is, therefore given by:

4 60

36 _ _ __ _ _ __ _ z V % Qd(5

0 30 90go L D dT a" (5)

Time (sac) where 1. is the surface potential.

FIGURE 1 In the case of harmonic small signal operation. df7,dVG is

Obtained by differentiating the instantmaneu charge conservation
Drain current a a function of time for a depletion mode equaton, inthe depletion regime, with respect to time:
transestor pulsed in deep-depltion (HTA-simoX, vD sD5
mV. V0 .4 V)

diV C0 + C + Y '(j-) (6)
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- - - - - - - - - -

where 9 i the angular frequency of the applied gate signa Cd: magnitude and is. therefore, attribute to bulk traps. Fiag.4 shows

Fthe depletion layer capacitance and Yit :the equivalent parallel Ge/* versus frequency for an another enhancemnent MOSFETr
interface trap admittance Opt + jvCp (5]). By implanted at 515 'C and annealed at 1400 'C Mwe bulk traps
substituting (6) ino (5) and replacingl dQ~ddf by Cdg, We get: peak dissappears and an average interface trap density of 4x1O

eV-"cm-2 is deduced from the maxima of the peaks.

Cd C ju (7) 41
BW Y.Cd + OX+ it/ ;- V G-0. 15V

with K, - 4(ZooL)VD. Similar to enhancement MOSFETs, 3 -0.0 0.

Gpowis smlobandfrom the imagnary part of I/gm(w) :0-.5

G

T7he depletion capacitanc Cd can be known from the real part

of /gm(e) at high frequency. in the case of enhancement

MOSFETs operating in weak inversion, Gew/ is given by (4]: 03 10, 105 10 0

G p xIdFrequency (Hz)

L. Cold in(/g (6a)] (9) FIGURE 4

Dynamic transconductance measurements were performed on
enhacemet an deletin moe SIOX ransstor Fw versus frequency for an enhancement mode transistor with
enhacemnt nd epicionmod SIOX tansstos. ig3an implantation temperature of 515 .C and annealing

shows a plot of Im g~.]versus frequency for an temperature of 1400 'C.

enhancement MOSFET implanted at 480 -C and annealed at low

temperature (120 'C). Thet double peak behaviour is due to the The qualities of the front and back interfaces, in a depletion

presence of both interface and bulk traps. The interface trap MOSFET are compared in Fig.5. In case of the back interface,

peak shift towards higher frequencies with increasing VG while10
the other peak does not change neither in position nor in 1

Bnck interface
25< V < -15V

105 sub

.~~~ 106 VG825o t~ f c

-0.1~

S0.15 Fequncy (Hz)fac

FIUE3"IUE

Va 0%io of thev Emgmr pato Vmd)Uafnto o xeietl lto m /g!u) ess rqeci
frquney wih V -aparmetr i wek inersonforan epleion fo a epleionmod trnsitor.Theimpanttioenhancement~ moetasso nSMXmaeilipatdtm0atr.a 1 Cwiete neln eprtr a

and ~ ~ ~ ~ ~ ~~ 0 anelda0o emeaue 40C

102 0'. 0. ie 13 104 15 15310



bulk traps (present in the depletion region above the intrfac) determine the interface trap properties in both enancemment and
dominate. Us is evident since the obtained peak daes not depletion type devices on S~ldOX material. Te minority carrier
cu poasttion i m gi td eWith vaM) VG. lifetime s well as the surface recombination velocity are

f interface with an am-pg interface trap density of 1O' depletion. Finally, the eec of implatation and annealing

eV-"m-. Due to the complexity of the equivalent circuit temperatures on the quality of silicon films was nvestiated.
including bulk traps, the relatioship between the bulk trap

* admittance and gm(w) is not straightforward. Consequently, REFERENCES
quantitative information about them a mor difficlt to obtain [1) L and S soveau, IEE

than for interface traps. A seperate study will be devoted to this electron Dcv. Lett, EDL-7 (1986) 537.

problem. [2] M.Zerba4 7. Angew. Phys 22 (1966) 30.

[3) D.P.Vu and JCP fster, AppL Phys.
4. CONCLUSIONS Lett., 9 (1985) 951.

We have presented new methods for the characterization of [4] H.Haddara and G.Ghibaudo, Europhys. Conf.

interface and volume recombination properties in SIMOX Abstracts, 1OG, 47, ESSDERC86. Cambridg UK (1986).
material. The dynamic transconductance etiod is adapted to [53 ENicollian and G.Goetzberger, The Bell

depletion mode transistors and applied, for the first time, to Syt. J. 46 (1967) 1055.
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B2.3.5

SMALL GEOMETRY NMOS TRANSISTORS IN SILICON-ON-SAPPHIRE USING RAPID ANNEALED SOURCE/DRAINS
AND IMPROVED CRYSTALLINE QUALITY SILICON FILMS

M Field, N E B Cowern* and D J Godfrey

GEC Research Limited, Hirst Research Centre, East Lane, Wembley, Middlesex HA9 7PP

*Now at Phillips Research Laboratories, Eindhoven, Netherlands

1. INTRODUCTION
The advantages of silicon-on-insulator (SOI) example, Figure 1 illustrates a part of a

over bulk silicon technology for CMOS devices cross-section of an MOS device in which the

are well documented [1] and include greater gate electrode has acted as an implant mask for

packing densities, increased radiation a self-aligned arsenic source/drain implant on
hardness, immunity from latch-up and lower the left. The contours show the arsenic

parasitic capacitances. At present concentration after a 900"C 30 minute furnace

silicon-on-sapphire (SOS) is the only readily anneal predicted by the SOS diffusion model.
available SOI substrate. SOS material has The bottom of the diagram is the

differences with respect to single crystal silicon/sapphire interface.

silicon substrates which must be taken into

account during processing as they ultimately Implant Mask

affect device characteristics. One of the most
important differences is the defect density o.

profile. In SOS the lattice mismatch between CL 0.2
the silicon and the sapphire results in the 0.3

presence of crystalline defects in the silicon, A4 t From Koik Edji (pm)

the concentration of which ecreases with
distance from the interface as the mismatch is Fig 1: 40 keV 5xlO 15 cm2 arsenic

9000C 30 min anneal. Solid lines
accomodated. The defects are mostly stacking give carrier profile in asfaults, micro-twins and dislocations in the grown SOS and dashed line gives

junction contour for equivalent

epitaxial silicon layer. It has been found bulk silicon diffusion

previously [2] that dopant diffusion in SOS can

be increased over bulk silicon behaviour by the It can be seen that there is;
presence of defects. (I) An increased sideways diffusion of the

For the formation of small geometry MOSFET's source/drain region into the channel under

(gate lengths c 1 I1m), it is necessary to limit the gate region, in comparison with the
the source/drain diffusion not only in the bulk silicon equivalent.

lateral direction under the gate electrode, but (ii) A lateral extension of the source/drain

also in depth in order to limit deleterious region near the silicon/sapphire

short channel effects. Experimental and interface.
modelling studies of dopant redistribution in The first effect increases the parasitic

as-grown SOS have shown that the residual gate capacitance, while it is expected that the
defects result in enhanced diffusion compared second contributes to the off-state leakage of

to equivalent bulk silicon behaviour. For SOS devices, by creating a leakage path along
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the silicon/sapphire interface. This diffusion interface, the off-state leakage currents of

behaviour my be restricted by either removing the NMOS devices were measured. Each device

the crystalline defects present in the silicon had its gate electrode held at 1 Volt below the

layer or by using short duration, high measured threshold voltage for that device

temperature heat treatments for annealing out whilst the drain leakage current was measured

the source/drain implantation damage. for a source-drain potential difference of

In the current work, NMOS devices have been 5 Volts. In this way the off-state leakage

fabricated on both 0.3 pm and 0.6 pm thick current of a device could be plotted against

as-received SOS wafers and improved crystalline the electrical channel length of that device.

quality SOS obtained using the double solid Figure 2,3 and 4 show the results obtained

phase epitaxy and growth (DSPEG) technique [3]. for 0.3 pm as-received SOS, 0.3 pm DSPEG

A mesa island etched NMOS process with a gate material and 0.3 pm as-received SOS using the

oxide thickness of 300 A was used to produce rapid anneal. For the first case the leakage

various size transistors from 20 Am to 0.75 pm rises rapidly for electrical channel lengths

length (20 pm width), below approximately 1.3 pm, whereas for the

The anneal and activation of the other cases the electrical channel lengths

source/drain regions was performed using either below which leakage rises is less than I pm.

a 900'C 30 minute furnace treatment in a dry The larger scatter in Figure 4 is thought to be

nitrogen ambient or rapid optical heating to due to the greater variations in temperature of

(nominally) 1100"C for five seconds. Table 1 the rapid optical anneal between wafers. By

gives a summary of the major long channel considering the electrical channel length, the

device characteristics. These are averages of differences in sideways diffusion near the

about fifty devices in each case, the errors Si-Si0 2 interface between samples are largely

are approximately two standard deviations of accounted for and the observed behaviour may be

the distribution (i.e. absolute error). attributed to the differences in arsenic

In particular, it can be seen that the DSPEG diffusion at the silicon/sapphire interface.

material results in the highest channel In conclusion, it has been shown that either

mobilities (indicative of the removal of using the DSPEG technique or reducing the

crystalline defects) and, as anticipated, that thermal cycling of the source/drain anneal,

the sideways diffusion (the difference between good working NMOS SOS transistors with

the physical and electrical channel lengths) is sub-micron electrical channel lengths can be

reduced for both DSPEG and rapid annealed obtained. The dopant profiles after diffusion

cases. are being investigated and will be presented

To investigate the effect of the lateral along with detailed electrical

diffusion of dopant at the silicon/sapphire characterisation.

Table 1:
Furnace Anneal

SOS substrate Threshold voltage (V) Mobility (cm2/Vsec) Sideways diffusion (pm)

0.6 pm as received 0.70 ± 0.02 336 ± 20 0.12 ± 0.02
0.3 pm as received 0.59 ± 0.02 328 ± 10 0.12 t 0.02
0.3 pm DSPEG 0.52 ± 0.02 416 ± 15 0.06 ± 0.02

Rapid Optical Anneal

0.6 pm as received 0.58 ± 0.10 336 ± 20 0.08 ± 0.02
0.3 pm as received 0.64 ± 0.03 269 ± 20 0.07 ± 0.03
0.3 m OSPEG 0.47 ± 0.05 386 ± 15 0.07 t 0.03
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] SILICON IC TECHNOLOGY USING COMPLEMENTARY NESFET'S
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M Rosling, F Masszi and J Nylander

Institute of Technology, Uppsala University,
Box 534, S-751 21 Uppsala, Sweden

We showed recently the successful operation The main advantages of this technology

of digital inverters and ring-oscillators using compared to CMOS are 1) low power consumption

a new integrated circuit technology, comple- (-factor 100 lower) because of low power

mentary silicon MESFET's on silicon-on-sapphire, supply voltage, typically <0.5 V necessitated

called CMES [1]. The technology involves by not driving the Schottky gates too much

fabricating normally-off p- and n-type MES- forward causing gate current; 2) high
transistors by depositing two types of contact effective mobility and low noise because the

metals, one (Pt or Ir) having a high Schottky carriers move deeper in the semiconductor

barrier sa on nSi and serving as gate on n- than in the MOS case, thus avoiding interface

transistors and source and drain ohmic contacts and oxide states; 3) higher radiation

on p-transistors, the other (Er or Tb) serving resistance than for MOS (-factor 100) and

as high sB gate on pSi and ohmic S and D 4) freedom from other MOS-oxide problems such

contacts for n-transistors. Figure 1 shows a as hot electron effects encountered at small

cross-section of a CMES-inverter fabricated dimensions.

using SOS-technology, and its circuit diagram. Test chips containing n- and p-type tran-

sistors of different dimensions, complementary
Er so Pt A) inverters and ring-oscillators, all using
/ / 2 normally-off transistors have been fabricated.

The threshold voltage VT was 0.1 for both n-p-Si T
n i...and p-type transistors (fig. 2) and figure 3

shows the transfer characteristics of a
Saphire substrate complementary inverter operating at VDS=0.4 V.

Measurements on a 7-stage ring-oscillator

SFIGURE la using transistors with 5 pm gate length show

Cross-section, inverter a gate-delay time of -40 ns. According to the
Vd MESFET-theory (2], the gate-delay time is

proportional to L . Computer simulations using

a large-signal MESFET model [3] indicate a
z p-channal

stage delay, tD of 2 nsec for 2 pm gate length

In aOu t  transistors with width -50 pm, using VT
-0.06 V and a supply voltage of 0.3 V.

n-channel

Vii

FIGURE lb
Circuit-diagram, inverter
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is incremented by aw as the gate voltage is
changed by AVGs=VGl-VG2, see figure 4.

Gate metal
A.,

V02 -

silicon Sphr usrt

-0.3 -6.2 4.1 -0. d7 .'2 C:3 0.4
VGS [V3 FIGURE 4

Principle of "fat-FET"
FIGURE 2

'TD versus VG graph for n-channel transistor The mobility in the increment can be cal-

culated using the relation

V (mV) VDS 400 mV aID = pEqNZAw (1)

400
where N is the doping concentration (=carrier

300 concentration), E the field strength and Z the

gate width. The channel indrement is given by200

100 W - or G (2)

100 200 300 400 Vin (mV) Now, we introduce the voltage drop due to

iD , in 2R, the resistances due to the space

FIGURE 3 between gate and source (or drain) and neglect

Transfer characteristic of inverter contact resistances (permissible if the

barriers of the source and drain contacts are

Due to the complementary structure and low enough). Using the relation

similarities in processing, layout work is

easily made by converting CMOS-layouts. New R =

testchips are currently in process which where a is the film thickness and L the gate

contain more complex digital structures such length, equal to the electrode spacing, we

as NAND, NOR, TG, XOR and static RAM cells, obtain

The layouts for these structures has been made

using a modified CMOS CAD package. Analog 1 L2gr4  21L

circuits are also under development. = +
VDS G(3

A special testchip containing a "fat FET"

for characterization of the SOS materials has where CG = ocr ZL is the gate capacitance.

been produced [2]. This method is based on the w

study of drain current change, dID, occurring

in the triode region when the channel width
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C2.3.1

THE VOLTAGE-DOPING TRANSFORMATION A NEW APPROACH TO THE NOELLING OF MOSFET SHORT-CHANNEL

EFFECTS
Topmsz SKOTNICKI*, G6rard NERCKEL and Thierry PEDRON

CNET-CNS, SP 98, Chemin du Vieux Chine
38243 NEYLAN, FRANCE

! In this paper we show that the influence of the drain-source field on the potential barrier

height is physically equivalent and can be replaced by the reduction in channel doping
.concentration according to the following formula N*=N-2E V* D/qL' derived from the 2-d
Poisson equation. Thus the actual barrier height for any drain bias VDS and channel length L

can be easily calculated using the well-known l-d (long-channel) solutions. This simple but
Ageneral procedure, hereafter called the Voltage-Doping Transformation (VDT) has been examined

with fairly good results by comparison of the analytically calculated potential distributions
with 2-d numerical simulation. An examplary application of the VDT to threshold voltage
calculations is also shown.

1. INTRODUCTION

'the short-channel effects are one of the
major constraints in VLSI MOSFETs G
miniaturization. In the case of analytical D
modelling of short-channel effects the main

difficulty lies in a determining the potential

barrier heights as they are strongly affected by

two perpendicular gate and drain electrical

fields. The 2-d character of short-channel L L x)

effects leads to a tradeoff between the

complexity of the model on the one hand and its

validity and accuracy on the other hand.

The Voltage-Doping Transformation (VDT) x - axis

proposed in this paper consists in replacing the

influence of the lateral drain-source field by FIGURE I

the equivalent reduction in channel doping

concentration. It will be shown that the VT Domain of solution (dotted region) to the
enables the models of short-channel effects to Poisson equation and a schematic illustration of

be developed basing on assumptions of high current lines.

degree of reality and without any need for In the close vicinity of the x-axis (dotted

numerical calculations. region in Fig. 1) the Poisson equation can be

rewritten in its conventional form:

2. VOLTAGE-DOPING TRANSFORMATION 82 1* q

In Fig. I the x-axis is the loci of the - + - z - N (I)

minimum of potential distribution in the 8x2  8y2  Ea

y-direction and y is the distance from the

source measured along a given current line. As discussed in [1] and [2] through numerical

T. Skotnicki in also a member of the ITE-CEI, Warsaw, Poland
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simulation, a potential distribution along the shown, enables the 2-d Poisson equation (1) to

channel in the short-channel case varies be reduced to the l-d form given by eqn. (5a).

quadratically with the distance. Thus we assume Physically it means that the influence of the

that lateral drain-source field on the potential

barrier height is equivalent to and can be
v(y)=ay2+by+c (2) replaced by the reduction in doping

concentration according to eqn. (sb). A negative

Lateral potential distribution v is not value of N* indicates that all impurity ions are

necessarily required to be equal to solution tied by a drain Field which simply means that a

#(x,y) to eqn. (1). Only an equality of second MOSFET is in the punch-through mode.

derivatives of these two functions is needed for

our purposes. To approach this requirement we

impose the following boundary conditions on 3. THRESHOLD VOLTAGE MODEL

function v

*vc is in fact the searched for potential

- at the source end v(O)=Vbi+VSB (3a) distribution (#vc(x) a %P(x,yxvirtual cathode)

- at the drain end v(L)=Vbi+VSB+VDS (3b) which appears to involve an iterative solution

- at the virtual cathode min[v(y)]= vc  (3c) to eqn. (5a). Fortunately, for Vth calculations

no iterations are necessary. Because of the

where L is the current line length as shown in curvature of the current lines, as shown in Fig.

Fig. 1. In general L(x)kLel and (L-Lel) 1, L increases rapidly to infinity inside the

increases with x and decreases with xj. bulk region which produces N* = N in the bulk,

Coefficients a, b and c can be found directly irrespective of the V*DS value and consequently

from eqns (2) and (3), but here only a will be of the *vc value. On the other hand, in the

of interest because surface region it is reasonable to assume

L(x)=Lel=const and *vc21*svc since, near the
82* 82v V*DS surface, *vc(x) values are close to #svc. In the

y2 z y2 L2 last expression q is a spreading parameter

accounting for the transverse distribution of

where *vc(x) values and *svc * #vc(0 ) " *svc is known

and equal to %Pc where %Pc is the critical voltage
V*DS=VDS+2(Vbi+VSB-vc) needed for the onset of strong inversion

(usually %Pc2 #FB+VsB). Thus we adopt here
+2_I (Vbi+VsS-*vc)(Vos+Vb±+VsB-*vc) (Ab)

Substitution of eqn. (4) into eqn. (1) V*DS=VDs+2(Vbi+VSB-qc)

yields: +2_ (Vbi+VSB-T *c)(VDS+Vbi+VSB-Ti c) (6)

82, N which removes the necessity of any iterative
8x2  - calculations.

where 
With the use of V* as given by eqn. (6) we

can solve eqn. (5a) for any arbitrary N(x)
H*: - US DS (5b) doping profile. However, for the sake of

qL2  simplicity, we will focus our considerations on

The last equation is the essence of t the box approximated profiles. The N and X will

Voltage-Doping Transformation which, as we have denote the doping concentration and thickness of

the near-surface box respectively, while NB will
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be the bulk doping concentration. We also assume [4]. The close aggreement between the analytical

that there is no bulk punch-through which means and the numerical solutions, as seen in Fig. 2,

that N*BuNt4 and only the near-surface box Indicates the correctness of the assuaptlons (2)

concentration is reduced by the lateral drain- and the VOT itself.

source field according to the relationship N*s= Having the solution for the electrical

Ns-2tsV*Ds/qL
2 , where V*DS Is given by eqn. (6). potential one cin calculate the space charge Q9

As neither N*B nor N*s depends on x, the tied by the gate field. Substitution of this 08

solution to eqn. (5a) poses no difficulty and in the well-known ixpresion for the long-channel

results in the quadratic dependence of potential threshold voltage yields

%P on distance x.

In Fig.2 the analytical solution for - for w1 ;g 2 and N*s>O

potential %P is compared with the results of the

INIMOS [3] simulation performed for a set of Vth:VFB+*cVSB+ 1

HOSFETs with different channel lengths. Cox

(-c))(N- 2(saV*) (
qLe12

> =.01V V=ov - for wl>A2 or N*sO

q 2csV*OS q
- .4 MINIMS Vth:VFB+*c-VSB+ I(NS-NB ) + -

"- .... nayticaly-VDT /2 s2 2 EsV*s (7b

3 33mwhere V*DS is given by eqn. (6), w1:2gs+/qN*s

..1 a nd o-lnN/B).

~The Vth aodel constituted by eqn. (7) shows

" deth x nnan approximate linear dependence on V0S bias, an

approximate inverse-quadratic dependence on

channel lenght L-el and an inverse dependence on

oxide capacitance Cox which is in good agreement

FIGURE 2 with what has been found by Kasen and de
Groot in [s].

Plots of transverse potential distributions for
laplanted IOSFETs with different chnnel
lengths. The parameters of the goping box A EUT
pproxation are : NeulE16cm- AuO.3lpm, 4 EUT
NB:Izll - . The other peraaeters are as
follows: ToxuO.07OO~m, xjuO.72 km, VFB:-I,023V In Fig. 3 the threshold voltage varistion
and iiul. with drain biases at different bulk biases equal

It is worth noting that the VDT accurately to OV (Fig. 3m) and -2V (Fig. 3b) is shown.

accounts for the increase in depletion depth The calculated results closely agree with

with channel shortening whlich, as seen in Fig.2, measured data taken on implanted MOSFETs with

*can double or even triple its long channel different channel lengths.

value, thus bringing into question the neglect

of this effect as is the cae for exaaple in
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5. CONCLUSIONS

V-OV The Voltage-Doping Transformation has been

182 derived and its validity has been shown. The new

- -Vth model proposed here has aimed to show only

U 2 an examplary application of the VDT. For this

& reason we have omitted such "secondary" effects
1.12 as, for example, the dependence of the man

current line length on junction depth xj thus

neglecting the Vth dependence on xj. Examination

~.8A2um of the dependance of q on process and electrical
X, parameters would also be required In order to

I-arWmaftuefc avoid its fitting. We believe that this and..... calculatedCother possible shortcomings will be improved In

2d further applications of the VOT.

drain bias V. V Nevertheless the new Vth model compares

favourably with measured data taken on implanted

short and long-channel NOSFETs. Consequently,

the validity of the VDT as well as the new Vth

model itself has been confirmed. The VOT is a

=i.82um very general tool and thereby is believed to be

>5 equally useful for Vth as well as punch-through

" current analytical modelling.
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C2.3.2

I A NOVEL REALISTIC NODEL FOR THRESUOLD VOLTAGE OF SHORT CHANNEL NOSFETS

M. Orlowski and Ch. Werner

SIEMENS Corporate Research and Development, Microelectronics
Otto-Hahn-Ring 6, 8000 MOnchen 83, FRG

The proposed model gives more realistic account of the physics of short channel behavior
than its predecessors allowing fits to experimental data and simulated results withoutIresorting to unrealistic values for clearly defined parameters. The most distinct and new

( feature of this model is the prediction of the onset of the threshold voltage reduction at
a critical range of channel lengths. The model is formulated in terms of simple analytic
formulae.

INTRODUCTION MODEL

We present a novel realistic model for The basic idea of the present model is

threshold voltage, VTh, which for the first illustrated in Fig.i. Consider first the

time gives a proper physical description of the depletion zones generated by the gate

mechanism leading to threshold voltage electrode, source or drain region separately.

reduction for short channels. In particular and Superposing the three pieces in purely

in contrast to extant models /1,2,3/ this model geometrical way to form a MOSFET structure, we

predicts a critical value of channel length obtain overlaps of the deplEtion zones at the

below which the short channel behavior comes source and drain sides (Fig.la). This geometric

into effect. Moreover this model posseses two construction, however, is in conflict with the

fit parameters with clear physical meaning Poisson's equation, since the charge in the

which allow to fit VTh as a function of the overlap region is insufficient to terminate the

channel length L, even for curves obtained by field lines originating from source/drain and

20 device simulation where the subdiffusion gate charges. Somehow additional charges have

length, yub junction depth x. and the to be provided to restore the overall charge

effective channel doping neff, are neutrality. Assuming for convenience a uniform

unambiguously defined. As all of its channel doping, exactly the same area of the

predecessors this model is rooted in Yau's overlap has to be supplemented beyond the

charge sharing model /1/. However, despite the boundaries of the depletion zone shown in

simplicity of the charge sharing idea the Fig.la. As a first order geometric

models hitherto ran into conceptual approximation this area is supposed to be

inconsistencies when attempting to incorporate distributed over the area of a triangle as

the charge sharing idea into a sensible model shown in Fig.lb. If the channel doping is

to predict threshold voltage. Clearly - nonuniform, the two pertinent areas are not

adhering to the principle of the weakest point equal, in general, and a scaling factor 0 s/d

in the hose - for sufficiently long channels has to be introduced to account for the channel

VTh must stay fixed rather than to approach nonuniformity. Of course, more sophisticated

"long channel VTh" asymptotically /2/. geometries may be employed to approach more

accurately the actual shape of the effective

depletion zone.
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FIGURE la FIGURE lb

A
Geometric overlap of the depletion generated by For the shaded areas it holds: FS = QsFs and
the gate, source and drain independently from A

one another. F0 =% 0 For uniform channel doping 0 = 1

0.

A

A simple construction of the geometry F0 (a calculating the charges, 0cor' in regions

triangle ) is demonstrated in Fig.2. The given where the triangle overlap over the range

quantities are xj, Ychan' and YD' the latter Lover <2L, LD being the Debey length.

two depending on drain V0 and substrate Vsub Next, we subtract this charge from the

bias in the well-known manner. One calculates space charge supplied by the gate electrode

then according to eq.1

x = ((xj2+ 2xjYD)l/ 2 -xi)*,

•eff qneff*chan over - Qcorr (1)

XoD x +YD-xo = rO-XD, B=(XoDychan),

The threshold voltage is then given by

((rI2 chsn

P (rDX00)2)1/2 
VTh = UFB +2kT/q*ln(neff/n i) +

cha/o*D/+ hsno 2 1/2 '  + doxQeff/(EoxWLover). (2)

~llchn (+kYchn2)/2 +

* and F ;D = ::::::;:/:::(r x:+y ch/2)+ A more detailed account of this model and

nchsn/D -o* its refined versions will be given elsewhere

/4/.
i Finally the lateral coordinate t of the

point AT=(t,Ychan) is determined such that the In this model the reduction of the lateral

area F. of the triangle PST is equal to F0 D. thickness of the space charge region due to the

The above construction applies to both, source curvature of the source/drain pn junctions are

and drain side. Now: as long as the triangles considered by the formula given above for xD.To

from both channel ends do not overlap, Vrh achieve a better adjustment to the actual

remains unaltered. If they do overlap for overlap of the space charge regions a fit

sufficiently short channels the threshold parameter f has been introduced .A second fit

voltage will be reduced. In determining its parameter ' determines the flatness of the

reduction we follow the usual procedure, triangles approximating the actual geometry of
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FIGURE 2

Schematic diagram for the construction of the
triangle PST.

the depletion zone. The flatter the triangle discussed in the vast literature on threshold

the larger its lateral extent. Therefore this voltage models including the narrow width

parameter determines the critical channel effects.

length at which tne short channel effects start

to be effective. It was found that a proper

adjustment of both parameters and the

nonuniformity scaling factor allow to fit

experimental or simulated curves using V"IIVI

realistic or actual values for ysub' xi, and os-

Sneff The formulae of the model ere lengthy but

sufficiently simple to be used in such programs

as SPICE. o: V0'.OV V .aOV
0.3- /

S. b: Vo'5.OV Vs-O.OV

APPLICATIONS 02 a c: Vo" tOv Vsm, -1.OV

0.1- K SIMULATION LIpmI

The model describes correctly the 2 3 s 6 7 8 9

dependence of the threshold voltage as a

function of the channel length for a variety of

parameters such as VD O Vsu b ' x , neff, and FIGURE 3

oxide thickness dox. In Fig.3 as an example Typical curves of the threshold voltage as a

typical curves are shown for different drain function of the channel length. Note that for

and substrate biases. sufficiently large L the curves remain flat.

We like also to mention that this model

based on the concept expounded in Fig.1 and 2

can be hybridized with specific approaches
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C2.3.3

SENSITIVITY ANALYSIS FOR DEVICE DESIGN

A. Gnudi, P. Ciampolmni, R. Guerrieri, M. Rudan and G. Baccarani

Dipartimento di Elettronica, Universiti di Bologna
viale Risorgimento 2, 40136 Bologna, Italy

Abstract

In this paper we propose a sensitivity-analysis technique for device design. By this method,
we determine the linearized variations of the device terminal characteristics following some
change either in the impurity distribution, or in device geometry, such as channel length
and oxide thickness. This technique has been implemented in our general-purpose two-
dimensional device-analysis program (HFIELDS) and proved to be very efficient, as only
the assembly of the RHS and one back-substitution is required in order to achieve the final
result. It is believed that the present method can be profitably used for both deterministic
and statistical device design.

1. Introduction computation relies on linearization of the fundamental
semiconductor equations, the overhead of a sensitivity

As device miniaturization progresses towards sub- analysis superimposed on the simulation of the nominal
micron feature sizes, fabrication tolerances cannot be device is negligible and, in our belief, can be of great
made to scale in direct proportion with the device phys- help to the device designer both for design centering
ical dimensions. As a consequence, circuit designers purposes and in order to assess the possible spread of
must live with an increased spread in device terminal the resulting electrical characteristics.
characteristics which, if not properly accounted for, can
lead to design marginality and to a significant degrada- 2. Sensitivity Analysis
tion of the fabrication yield [I1. Two typical examples
are i) the lightly-doped drain extensions (LDD), which The starting point for the sensitivity analysis is the
help reducing the lateral electric field at the drain end solution of the fundamental semiconductor equations in
of the channel but, at the same time, inevitably intro- steady state
duce an increased parasitic series resistance which ad-
versely affects the device transconductance, and ii) the divD = q(p - n + ND - NA) (2.1,a)
increase in the substrate impurity concentration, which
improves the device performance from the standpoint divJ. = q(R - G) (2.1, b)
of short-channel effects, but leads to an increased para-
sitic junction capacitance and to a more severe thresh- divJ, - -q (R - G) (2.1,c)
old sensitivity to substrate potential. representing Poisson equation (2.1,a) and carrier con-

Due to the insufficient accuracy of analytical mod- tinulty equations for electrons (2.1,b) and holes (2.1,c).
els as predictive tools of device performance, numerical The latter are supplemented by the constitutive equa-
device-analysis programs are currently being used for tions
device design and optimization. These programs, how- D = - e, grad tp (2.2, a)
ever, require large CPU resources in -,iew of the inher-
ent nonlinearity of the fundamentai device equations, J.- -q;&,n grad ip + qD. grad n (2.2, b)
and to the large number of grid point necessary for an Jp -qt~pgrad ip - qDp grad p (2.2, c)
adequate device description in two and three dimen-
sions. Hence, repeated simulation of the device under where the symbols in eqs. (2.1), (2.2) have the custom-
investigation for a variety of geometry and impurity ary meaning of semiconductor theory. The solution of
profiles is an expensive and time-consuming task. the equations in two dimensions is carried out in pro-

In order to alleviate the above problem, we have gram HFIELDS (Hybrid Finite ELement Device Sim-
developed a steady-state sensitivity analysis technique ulator), on a triangular grid, by means of the so-called
which provides the linearized variations of the device Box Integration Method [2). The discretisation of the
terminal characteristics following some change in de- continuity equations is carried out by means of a two-
vice geometry and/or impurity profiles. As sensitivity dimensional generalisation of the Gummel-Scharfetter
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method. The membly of the coefficient matrix is done p + 6p (2.6,c)
on a trianglby-triangle basis, which allows for a e- such that eqs. (2.4) are again fulfilled. Differentiating
eal and simple management of interfaces and bound-
ary conditions. The procedure transforms eqs. (2.1)
into the following set of non-linear algebraic systems (

e. ,II(P P)+qn n -p i (2.3,&) (OF9,)o (Yk) 0  (L)~ 6n

(PIWO ( )o M ( )o 6joji 0 6ND - (f- 6NA (2.7)

Dj, L (Bipj- B,,r,)] +fliui= o (2.3,c) 0 .0

where Bij (uj -,A)/(ep(ui -ui) - 11 is the Bernoulli where the coefficient matrix at the LHS is the jacobian
function (i = q-l/kT being the normalized potential), matrix of the F functions. It should be noticed that,
and suffix i indicates the Oh node of the grid. The in order to solve eqs. (2.4) in the nominal conditions, a
su x are extended over all the nearest neighbours j of Newton-Raphson method is used, this requiring the as-
node i. sembly and factorization of the jacobian matrix. Thus,

It is important to notice that, in eqs. (2.3), the the overhead associated with the sensitivity analysis is

geometrical factors are the box area fl, and the ra- simply given by the assembly of the RHS and a back

tio A,, = diji, where aj is the length of the ele. substitution, requiring very little additional effort.
ment side , iconnecting nodes i and j, and di is the We now assume that, due to process parametercros-oection, i.e. the distance of the circumcenter of changes, the geometry of the device under investiga-

croe-eetio, ie. he istnceof he ircincnte of tion is somewhat modified. Therefore, the grid points
the triangular element from Sip Eqs. (2.3) also con-
tain the nodal values of the donor and acceptor impu- will have to move in order to accomodate the above

rity concentrations ND, NA, which appear explicitly in geometrical changes and to conform to the new device

eq. (2.3,a), and implicitly in eq. (2.3,b), (2.3,c) via the geometry. Thus we have
carrier mobility. Thus, after dropping the indices, we
may rewrite eqs. (2.3) as Mi = o + b=, (2.8,a)

F,(Pn,P ,ND,NA, n, A) = 0 (2.4,a) vi =0 ) + 6y,. (2.8,b)

Fn(, ,p ND,NA,1,A) = 0 (2.4,b) It is quite obvious that the choice of 6z, and 6yi is not
unique. However, we stress that such a choice is not

Fp(O, n, p ND, NA, fl, A) = 0 (2.4, c) critical as far as the integral physical quantities, such
as terminal currents, are concerned. From a practicalIf the grid contains N, nodes and N. element sides ( standpoint, we draw two vertical or horizontal straight

cluding those pertaining to ohmic contacts) 9o, n, p, ND, lines crosing the device cros-section, and we stretch
NA and (I as N0-dimenional vectors, while A is an or compress uniformly by a predefined amount the por-
No-dimensional vector. tion of the device lying between those two lines. The

We now assume that, due to some change in the grid points are therefore moved horizontally or verti-
process parameters, the nominal values of the donor cally in direct proportion to their distance from one
and acceptor densities NjO) and NAe ) are modified by of the two lines. Of course, one of the portions of the
a small amount, i.e. device lying ontside the stretched or compressed band

will have to be shifted uniformly.
NVD - N + 5N (2.5, a) The change in coordinate values will modify the

geometrical parameters fCl and Aij as follows
NA = N(*) + SNA (2.5,b)

As a consequence, the electric potential and carrier 0 i=0 () ' (!fl ix,,+ 8n (2.9,&)
concentrations will experience a small change + E \Bs Bps

ni -() + 6n (2.6, A) = + 'k
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The electric potential and the carrier concentration will large, the incremented current turns out to be nega-
then undergo some changes 6p, 6n and Sp such that tive. Thus, some care must be used when interpret-
eqn. (2.4) are again fulfilled. Thus we find the following ing linearized results in rapidly-varying regions, unless
set of linear equations appropriately-small increments are considered.

A similar procedure was followed for investigating[400 M OO M 0, the effect of the channel length. Fig. 2 shows the no-
(VvX) (*k)0  (VL)0  6 inal turn-on characteristic, labelled L = 1.0;&m, and

L) 0  ( j 1P s ).P h corresponding cuvsobtained with a 3096 increase
I) \ o . / of the channel length. Once again, the exact and the

r 0 ~ 0linearized result, while slightly differing from a quanti-[ 1o tative point of view, exhibit the same general behavior.

( )O 60- (PA)o 6A (2.10) The most important effect of a channel-length variation
f(,,j )( )is a change in the device gain factor and transconduc-
N00 y jtance, and a small increase in threshold voltage related

and once again the coefficient matrix on the LHS is the to the short-channel effect.

jacobian matrix of the F functions, which is already Finally, we have investigated the effect of the oxide

available and factorized. Therefore, as for the previous thickness on the MOSFET turn-on characteristics. As

case, sensitivity analysis following changes in device shown in fig. 3, the nominal oxide thickness of 20 nm

geometry only requires the assembly of the RES and has been raised by 30%, leading to the linear approx-

one back substitution. imation (thin solid line) and to the exact non-linear
Having determined the incremental quantities 5 o solution (thick solid line) labelled t.. = 0.026pm. As

6n and 6p, the terminal currents are found by a straight is well known, the oxide thickness affects at the same
forward differentiation of the current densities at the time the threshold voltage and the gain factor: hence
forward the turn-on characteristic is shifted towards higher gate
contacts. voltages, and exhibits a reduced slope in strong inver-

3sion. The discrepancy between the linear approxima-
S. Numerical Results tion and the exact result is a consequence of the non-

In order to test the sensitivity analysis performed linarity of the curr3nt expression against oxide thick-
by HFIELDS, a MOSFET has been simulated. The lat- ness. A final remark regards the dip of the linearized
ter was a rather typical 1.0 Am device, having an oxide solution: once again this can be traced back to the ex-
thickness of 20 nm. The channel implant has been de- ponential dependence of the subthreshold current upon
signed so as to set the threshold voltage at 0.7 V, result- threshold voltage which, in turn, is linearly affected by
ing in a peak impurity concentration N, = 1.6 x 101 7  the oxide thickness. As already mentioned, the valid-
cm - and in a standard deviation a = 0.076.pm. The ity range of a linearized solution is considerably smaller
nominal turn-on characteristic is illustrated in fig. 1 when the quantity of interest is a strong function of the
by the thick line labelled No = 1.6 x 1017. The peak parameter under investigation.
impurity concentration was then raised by 30% to the
value of 2.08 x 1017 cm- a, leading to the linear ap- 4. Conclusions
proximation represented by the thin line, and to the
exact non-linear solution represented by the thick line In this paper we have discussed a sensitivity anal-

labelled 2.08 x 1017. The exact and the linearized solu- ysis technique implemented in our general-purpose de-

tions exibit a reasonable agreeement above threshold, vice simulator. By performing a straightforward differ-

where they are nearly parallel and slightly displaced. entiation of the fundamental semiconductor equations,
One can observe that, as a consequence of the increased we can determine the sensitivity of the device to ei-

implantation dose, the threshold voltage is substan- ther geometrical changes, such as channel length and

tially increased, and the gain factor is appreciably re- oxide thickness in MOSFET's, or to impurity-profile
duced. The latter effect is due to mobility degradation, changes.

which occurs as a consequence of the increased average In order to exploit the full advantages of this tech-
inversion-layer field for a given gate voltage. The Ya- nique, an integrated process and device analysis system
maguchi model 131 employed in this simulation fully ought to be used. The former should provide, in ad-
accounts for the above effect. dition to the nominal geometry and impurity profiles,

The linearized solution exibits a dip in the sub- the predicted changes of the device physical structure
threshold region due to the exponential dependence of following a variation in some process parameter. The
drain current vs threshold voltage (and therefore ir- latter should instead use such information to predict
plantation dose). As the voltage shift is several tenths the final device sensitivity to the investigated process
of a volt and the current derivative is negative and parameter. It should be mentioned that, being a pro-
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cess simulator intrinsically tiedependent, a transient ::"N

transient sensitivity computation has already been im-Vi 0V
plemented in acrutsimulator 41using the direct No N. 2Cbidiferentlat po, and : could, inpinil, eex w
tended to process simulators.

heacobn the accuracy of numerical process 1.09-06 NO-.sl

and device simulators (as opposed to analytical ones) 0.03+00
with the computational efficiency required when a large.,04 V
number of process parameters are to be investigated. o. 1. 2. 3. 4. 5.
The additional burden associated with sensitivity anal- V86 (V
ysis on top of device simulation is only given by the as Fig. 1: Plot of the MOSFET turn-on characteristic in the
sembly of the RHS and one back substitution of the fac- nomIna can where the peak impurity concentra-
torized matrix. Thus the proposed technique is highly tion of the channel implant was N. =IA X 10"1
efficient and allows for a large number of process pa- cn13. The thin and thick lines labed N.=

rameersto b inestgate fo ew2.06 x iol" cnC5 represent the linearized and the
ramter tobe nvetigtedforeah data point of the * orsodn oa

nominal dc characteristic. increase of the above parameter by W0%.
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Gettering of Metal Precipitates

Gary Bronner' and James Plummet2

'IBM TJ Watson Research Center, PO Box 218, Yorktown Heights, NY 10598
2Center for Integrated Systems, Stanford University, Stanford, Ca. 94305

In this paper we deal with the effect of silicon interstitials on metal precipitates. We show that
excess silicon interstitials which are injected by common gettering treatments cause most metal
precipitates to shrink but a few to grow. Data from the literature confirms that the precipitates
which grow by the absorption of silicon interstitials (primarily FeS4 and NiSi2) are found ex-
clusively in regions that act as net injectors of silicon interstitials. Other precipitates shrink in
the presence of excess silicon interstitials and are easily gettered. This explains why silicon
interstitial injection is essential for effective gettering.

Introduction

In earlier papers[l, 2] we analyzed the gettering exactly follows their movement. This behavior is ex-

of gold in silicon and reached the conclusion that s- pected and seen for all metals that have substantial

veral common gettering processes, including mechan- substitutional concentrations, namely gold and

ical damage, argon implantation, high concentration platinum[3, 4).

phosphorus diffusion, and oxygen precipitation served Other metals which have little or no substitutional
as sources of silicon interstitials. Schematically, the components such as copper, iron, and nickel would not

role of silicon interstitials in the gettering of gold is depend on this mechanism for effective gettering.
illustrated in Figure 1. The important facts for gold Based on the diffusion coefficients for interstitial

are first that most gold is substitutional in silicon as metals in Figure 2, one would expect that metals could

opposed to being interstitial, i.e. C,. > C,. Addi- diffuse through a wafer in minutes even at temper-
tionally, the diffusion of gold is much faster as an atures as low as 600°C. Yet experimentally, it is

interstitial atom, i.e. Da'>> DjA. For gold to diffuse

it must be driven from its normal substitional site Auz Aus

which occurs via the kick-out reaction *KICK OUT'
Au-Aus Si

EXCESS Sit ARE
S1i AUl 1  THE DRIVING

DIFFUSION Au1 GENERATION

Thus we see in Figure 1, silicon interstitials diffuse

from the backsurface getter into the wafer. Near the
backsurface, where the concentration of silicon .-." -) -" /

intertitials is large, gold has been driven interstitial ....... -" - / /

and then rapidly gettered. Away from the backsveface t-- -"-

the gold remains immobile. As the silicon interstitials

diffuse through the wafer, the profile of gettering gold Figure 1. bchematic Representation of the
Gettering of Gold.
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found that gettering treatments that do not inject 1200 1000 0 600
• ~~~silicon interstitials, such as polysilicon are ineffective II!I I I

getters at low temperatures[5], which is surprising

since the most common contaminants found in a proc.

eased silicon wafer are iron, copper, and nickel[6]. In

this paper we propose that silicon interstitials are 10-6 - 0

portant for gettering the precipitates of these common U

metals. We will review the literature to present evi- wU 10 8 -

dence that the most common device degradation is due S2u.U. "s~
i nt

to metal precipitates and then develop a theory to ex- U

plain the role of silicon interstitials in the gettering of U

metal precipitates. It will be seen that the theory ex-

plains which metal precipitates can be gettered and u.612

which can not and that it agrees with microscopic evi-

dence of metal precipitate crystalline structure. 10 4

Effect of Metal Precipitates on Devices .60

As early as 1960, Goetzberger and Shockley[] re-

cognized that metal precipitates play an important role 1000/T (K71)

Figure 2. Diffusion Coefficients of Interstitial
in determining the breakdown and leakage character- Metals.
istics of junction diodes. Devices intentionally con-

taminated with copper, iron, or manganese exhibit Effect of Silicon Interstitials on Metal
"soft" breakdown characteristics. Typically, the re- Precipitates
verse leakage current has the form There has been considerable study of the micro-

structure of metal precipitates in silicon, most notably

the work of Das[l0] on copper and Vanderwalker[l IJ

They attributed this behavior to the presence of metal on nickel. The important conclusion of these studies

precipitates. was that when these metals precipitate they form

More recently, Busta and Waggener[8] using di- metal silicides with CuSi being the only phase ob-

odes and Lin et. al.(91 looking at breakdown in thin served for copper, while nickel precipitated out as

oxides confirmed these findings. For samples con- NAiS, NiSi, and N 4S$ depending on the temperature

taminated with copper, iron, nickel, tin, or zinc the of anneal. The question of how the injection of silicon

degradation in device performance was due almost interstitials will affect these precipitates can be an-

entirely to metal precipitates. Diodes exhibited soft swered by considering the volumetric density of the

leakage currents and capacitors showed breakdown a precipitates compared to the silicon lattice. If a metal

local hot spots associated with metal precipitates. precipitate displaces more silicon atoms than it con-

sumes (is a net injector of silicon interstitials), intro-
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ducing silicon interstitals from a gettering region will Material T., (atoms of Si/cms)  r

tend to inhibit precipitation and dissolve e sng pr- CuSi 2.14 x 10 n  1.34

cipitates. In more rigorous form, the interaction be-

tween the silicon lattice, interstitial metal, FeSI .2 x iOn .13
FeSt 4.42 x 1HP 1.13

precipitated metal, and silicon interstitials can be FeSi2 5.32 x 102 -0.12

written
NiSi 2.32 x 102 0.72

Sii + Mi. .. MS, + rsi,, Ni2Si 3.06 x 102 0.82

NiSi 4.11 x 102 1.22

with NiSi, 5.08 x 102 -0.03

Table 1 : Volumetric Densities and r factors for

(TM^S
data( w!l~l)Como Metlied Precipitates aadcnote

where T, is the density of silicon atoms in the silicon data which silicide precipitates can and cannot be

lattice and T,, is the density of silicon atoms in the made to shrink. Data for Cu, Fe,, and Ni is shown in

metal precipitate. By balancing the gain in energy by Table 1 with the Cu data from Das[10] and the rest

removing an interstitial metal atom from the silicon from Murarka[12].

matrix with the interfacial energy cost of enlarging a It is immediately apparent that most of the silicides

metal precipitate, one can define a critical radius for a have r > 0 so that, in the presence of excess silicon

metal precipitate such that for r > r"., a precipitate interstitials, precipitated metal silicides should dis-

can grow, but for r < r. it shrinks. solve. There are exceptions. Specifically,

FeS4a, and NiSi4 have r < 0. As they grow they tend
2a to absorb silicon interstitials. As a result, an excess

(1 + .--- ) TM ,kT Tin CM ( C' r of silicon interstitials will make these phases grow.+CZ., 
C CSi. Both iron and nickel do decorate stacking faults and,

therefore, there is concern over the gettering of FeSi2
with a the interfacial energy of the metal precipitate. and N$4. If either of these silicides decorates stack-

When r > 0, the injection of silicon interstitials will ing faults, they cannot be gettered by silicon

increase r,, , thereby causing more of the precipitates interstitial injection. Fortunately, NiSi2 does not ap-

to shrink. When pear to be one of the phases that ordinarily decorates

stacking faults[Ill. Interestingly enough, in regions

(C$l r C_- where the concentration of silicon interstitials is high(O C ) (for example near an oxygen precipitate), nickel does

precipitate out as NiSi2. Ourmazd and Schr~ter

the silicide precipitate must shrink, because the critical (13, 141. studied the gettering of nickel to a heavily

radius goes to infinity at this point. Since r is defined doped phosphorus layer at 900C and to oxygen pre-

in terms of the volume densities of silicon and the cipitates during a 752C anneal. In both, the gettered

metal siicides, it can be determined from literature nickel precipitated out and formed separate regions of
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nickel suficide and, with TEM, the phase of the nickel mterstutia and thus should be effective in gettering

silicide was identified as NiSla for both. They also metal precipitates.

studied the gettering of iron to heavily doped References
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D2.2.2

DEEP STATES IN RAPID ANNEALED SILICON

M. DI MARCO, A.R. PEAKER, C. HILL*, M. HART+ & A.E. OLACCUM#

Department of Electrical Engineering and Electronics, Centre for Electronic Materials
Unversity of Manchester, Institute of Science and Technology
P.O. Box 88, Manchester M60 10D. Eng)and

Deep state measurements have been made on n and p-type silicon grown by Czochralski and
float-zone techniques. Major changes are observed when unimplanted slices are annealed.
There are differences between lamp and electron beam annealing and between float-zone and
Czochralski material. The deep states created in unimplanted layers are present in low
concentrations and are associated with vacancy complexes.

1 INTRODUCTION incoherent light. Detailed results on n-type
In principle rapid thermal annealing is an slices are reported in this paper. In addition,

attractive technology for producing shallow our p-type results are compared with previous
junctions and ultra small devices. The initial publications.
practical problems encountered (extended
defects and enhanced diffusion) are beginning 2 EXPERIMENTAL
to be understood and expectations are that these The work was done on 3" float-zone and
difficulties will be overcome in the near 4" Czochralski silicon in the resistivity range
future. 20 - 50 0cm. The n-type material was

However, the third major problem has phosphorus doped and the p-type boron doped.
received rather less attention. When ion The oxygen content in the Czochralski and
implanted material is subjected to rapid thermal float zone material was 10t8cm-3 and 2xl017cm-3

annealing (RTA) a high concentration of respectively (DIN) and the carbon concentration
electrically active point defects is left behind, was below 8x10'-cm-3. The electron beam anneal
This can have quite dramatic effects on the system was used to heat the slices from i) the
device performance. An obvious manifestation front face ii) the back face. Anneal times of 1
is the increase in leakage currents at junctions, and 10 seconds at 11000C were used. A lamp
but perhaps most significant is a dramatic system was employed for longer annealing times
decrease in both the generation and and data are reported for 100 seconds at 11000C
recombination lifetimes of the material, anneal. In both cases the initial cool rate was

Only a few previous publications on this about 1000C s-1 but the total cooling time in
subject exist and most results have been on the electron beam equipment was about half
boron doped Czochralski material [1-3]. In this that in the lamp anneal system.
paper we examine the effects of RTA on as Ohmic contacts were made on the back side
grown material i.e. without implantation. We of the samples in both the n and p-type cases.
also draw a comparison between float-zone and Schottky diodes with an area of 0.5mm2 were
Czochralski and between scanning electron evaporated on the surface (aluminium was used
beam annealing and much longer anneals using for the p-type and gold for the n-type).

* Plessey (Caswell) Ltd., Towcester, Northants.UK
+ University of Southampton. Highfield, Southampton. UK
# British Telecom Research Laboratories, Martlesham Heath, Ipswitch UK
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is,
4 4

DLTS measurements were done using a The 0.28eV state has similar characteristics to a

Bio-Rad Polaron DLA600 system and the very commonly observed defect first reported

1 spectra were recorded at an emission rate of by Yau and Sah [4]. It is associated with a

200s- with -3V reverse bias and a filling pulse vacancy complex, but no definitive assignment

duration of 2ms. of its physical structure has been achieved.
The most significant point to emerge from

3 RESLTS these measurements is that there is a dramatic

Figure 1 shows a comparison of DLTS traces change in the deep level population, resulting

from unimplanted n-type Czochralski silicon from the lamp annealing cycle.

with and without lamp annealing. If the same unimplanted material is annealed
using electron beam techniques rather different

., results are observed; these are summarised in

E_(0.l4eV) en(200s-1) Figure 2. In all cases the anneals are at the

- same temperature as the lamp system (11000C)

jand it can be seen that the 0.14 and 0.3eV

* states present in the starting material have been

I removed whatever anneal mode has been used.

- However, new states have been created and

- these depend on the details of the anneal
process. The longest back-face electron beam

SEa(O.3V) anneal (10s) creates a 0.26eV state very similar
to the vacancy related defect observed in lamp

L.O .. . ";-.';',"','-'- , annealed material. It should be noted that
100 00300

100R 2 00 300although the activation energies are not

102 Ea(O.14eV) en(2k0s-1)
FIGURE 1

Czochralsk n-type silion DLTS spectra
recorded at emission rates 200s- for as grown
(-). Lamp annealed (...) at UO0oC for 1

Ea(O.43eV)

Electron traps with activation energies of ,

0.14eV and 0.3eV were detected in the j 0.17ev)
unannealed material at concentrations in the. ..

range 1011 to 10cm-3. These electron traps are Ea(.26eV) . ,
~tEa(0.3eV)

commonly seen in Czochralski silicon. When

the slice is subjected to a lamp anneal both 0 "' / -100 -0 0
these traps are reduced in concentration by at TEMMATU1RE0
least an order of magnitude and a new state is

apparent with an activation energy of 0.28eV

and a concentration of - 10cm 3-? Although FIGURE 2
this state has a peak temperature at en = 200- Czochralski n-type silicon DLTS results for as

thisstae ha a eak empratue gown (-). Electron beam annealed at 11000C
similar to the 0.14eV state, it is distinctly or Is, back face Electron beam annealeda 1Cfr ls, )c face .) Electronbemanad

different not only in its activation energy but at UOO0C for los,back face (, - -). Electrondifferent -beam annealed at 110oOC for is srf ace (--..-)

also in its directly measured cross-sections.
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identical, it is known from previous work that In the cue of the float-zone material, the

this state has a spread of emission characteristics initial population of deep states is completely
possibly representing minor variants of the different to the Czochralski slices. This is
complex. The shorter anneal times (- s) do shown in Figure 3. The state observed in the
not produce this state, presumably because of highest concentration (0.56eV) has an emission
the time needed to generate the complex in the characteristic which cannot be associated with a
measured region (- 1 n from the surface). specific defect as it coincides with that observed
However, in all the electron beam anneal cases for a range of chemical species and intrinsic
a state with an activation energy of 0.43eV is states [91.
generated, its concentration varying as shown.

This state has characteristics identical with

those ascribed to a vacancy-phosphorous e2o0os-1) EaL0i )

associate while the state at 0.17eV is a 3
vacancy-oxygen complex 15-61. A recent
paper by Song et al [71 expresses the view that
the long standing assignment of the 0.43eV state Ea(0.31eV)
as the vacancy-phosphorus pair is somewhat (-l

simplistic. The basis for this is that they have Ea(039e

observed defect reaction occurring at low
temperature (<300C) under specific bias .012

conditions which convert the 0.43eV state into
other defects with very different emission 0 . ....

properties. These reactions are reversible. 200 300
TEfMPERA711A 00

Although we have observed similar multistable
complexes and, in addition, metastable
configurations of defects in silicon [8] these do FIGURE 3
not occur in these samples. Indeed we observe Float zone n-type silicon DLTS spectra for as
multistability and metastability to be common in rown (-). Lamp annealed at 1100oC for 100s

annealed silicon which has been damaged by The other deep levels have not been linked
implantation or irradiation but not in normal as to previously published results. After RTA all
grown material subjected to RTA. It is our these states disappear and the 0.28eV vacancy
belief that the reason for this is the relatively complex, seen in the annealed Czochralski
small concentration of defects present in as material, is present in a concentration of
grown material. Both the 0.43 and the 0.17eV - 1012 cm -3 (an order higher than in the
states are commonly observed in electron Czochralski material). There was no evidence
irradiated silicon, but anneal out at low of the vacancy-oxygen complex at 0.17eV seen
temperatures (<300oC) when using conventional in the Czochralski material. This was perhaps
furnace treatment. Their presence and that of predictable because of the much lower oxygen
the other state at 0.28eV in the lamp annealed concentration in the float zone material.
material is conclusive evidence of vacancy In the case of p-type layers, our results are
reactions occurring during the anneal period and not as consistent as those obtained using n-type
the cool-down cycle. Work is now in progress slices. However, in general they are similar to
to study the reaction pathways in detail but it is those of Barbier et al [3]. He observes the
evident that the anneal time is a critical annhilation of all deep states for lamp anneals
parameter. longer than 20s.
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But in our case, a hole trap with an Preliminary work indicates that there are
activation energy of 0.45eV is present after a marked similarities o the defect reactions

l00s lamp anneal in a concentration in the range occurring in unimplanted and implanted material
2-9x100cm- 3 . The emission characteristics for during rapid thermal annealing, although the
holes are described by: higher concentration of defects in implanted

layers seem to allow the formation of a number
ep = 7.17 x 106 T2 exp (- 0.45/kT) of alternative configurations of defects related

to those observed here.
This same state is observed by Barbier in quite
high concentrations (up to 1014 cm-3) for anneals ACKNOWLEGMENTS

of a few seconds at 10000C. Borenstein [2] We should like to thank SERC and British

links a similar state to interstitial iron. Telecom for providing financial support for this

work. Our thanks are also due to B. Hamilton,
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D2.2.3

GETTERING AND DEEP STATES IN P-TYPE CZOCHRALSKI SILICON

N. JHA *; A.R. PEAKER & G. KEEFE-FRAUNDORF+

Department of Electrical Engineering and Electronics, Centre for Electronic
Materials, University of Manchester, Institute of Science and Technology
P.O. Box 88, Manchester M60 lOD, England

This paper reports deep state measurements on boron doped Czoc1iralski silicon.
A comparison is made between four gettering technologies after the slices have
been subjected to oxidation cycles in steam at 11000C for two hours. An
analysis of the results is made using a diffusion model of gettering.

1 INTRODUCTLJN transistor has often been used as a measure of
An important part of device fabrication is the gettering efficiency. The fundamental

the use of gettering regions remote from the disadvantage of this experimental method is that
active junctions. These regions accumulate many other factors can also affect the measured
unwanted impurities introduced during parameters.
processing. In most systematic studies of
impurity distribution after gettering slices have 2 EXPERIMENTAL
been contaminated with easily detectable In the work reported here we have studied
impurities, such as gold, and the reduction in heat treated slices gettered in different ways
their concentration observed after appropriate and compared them with the starting material.
heat treatment. The introduction of high The slices were (100) and (111) Czochralski
concentrations of an impurity is necessary silicon boron doped with resistivities in the
because existing chemical techniques of analysis range 5 - 20 fl cm. The oxygen content was
are not sufficiently sensitive to study inadvertent -1019cm- 3 with carbon <1016cm- 3. One group
impurities (i.e. those impurities introduced of wafers had the back surface damaged
during processing or already present accidentally mechanically by abrasion with 12 Am particles
in the slice). There are two major problems (MD). Another group was laser scanned on
with the contamination approach, firstly that the the back face using a 12 watt niobium-YAG
gettering mechanisms may be concentration laser which produced ".-ts of damage 20 pm
dependent and secondly that the effect on the in diameter and 40 pm apart (LD). The third
intentionally introduced impurity may be group was phosphorus diffused (PD) and the
significantly different to that on those species fourth group is referred to as enhanced gettered
present inadvertently. In either case, the results (EG). The measurements on the EG slices
will not be representative of normal processing. have been undertaken in the surface layer
An alternative but less systematic approach has denuded of oxygen which in this case was
been to fabricate devices using different 15 um thick. The EG slices had been heat
getterirg techniques. Here the hold time of treated to precipitate oxygen in the bulk of the
MOS capacitors or the gain of a bipolar crystal and a polycrystalline layer deposited on

* B.P. Research Centre, Sunbury on Thames. U.K
+ Monsanto Electronics, St. Louis, Missouri. U.S.A.
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the back face. All the slices were oxidised in species responsible for the deep states has been

steam at 1100o C for two hours and then the made although the behaviour is suggestive of

front face oxide removed. This was repeated up complexes associated with the 3d transition

to four times. After each oxidation samples metals.

were extracted and the oxide removed. Figure 1 reports the concentrations of the

Schottky barriers were then evaporated onto .the two deep states after three oxidation cycles in

front surface, except for the phosphorus slices using the different gettering technologies.

gettered case where the phosphorus diffused The control is the starting material. It is

region was etched off before the barriers were apparent that there are very dramatic

evaporated. Deep Level Transient Spectroscopy differences betwzen the efficiences of the

(DLTS) measarements were made on all the various gettering techniques. Also, rather

layers. Some slices were processed to produce interestingly, the effectiveness of a particular

MOS capacitors with an 80 am gate oxide gettering method can be very different for each

grown at 10000C followed by an anneal cycle, of the two traps studied. For both traps the

These were then used for generation lifetime phosphorus diffusion is the most effective, the

measurements using the Zerbst technique. A next best being enhanced gettering. It must,

disc was cut from each slice and thinned to however, be remembered that the mechanical

examine the backface using transmission damage technique and the laser damage method

electron miscroscopy (TEM). The number and are entirely back face processes. The enhanced

size of dislocations and stacking faults were gettering method is a mixture of back face and

measured in order to compare the gettering bulk gettering while phosphorus diffusion

sites in the samples. Measurements were also gettering actually takes place within a few

made of the front face etch pit density using a microns of the active region. Even apart

Sirtl etch for 4rin. from this complication, the comparison is not
straightforward essentially because the gettering

3 RESULTS efficiency changes with the number of oxidation

Two majority carrier traps were observed in cycles. This is shown in the laser damage case

all the samples in concentrations in the range in Figure 2.

101 - 100cm- 3. The hole emission characteristics

of these states are described by: 0.38ev 0.43eV

ep=8.7xl0s T 2 exp(-0.376/kT) -3

and:

ep--4.9xl03 T 2 exp(-0.428/kT) 11+15

The directly measured hole capture sections 11+14

of these states is -10-c 9= 2 with a much larger

electron cross section (-10-Scm 2). Estimates of L413

the recombination generation rate via the 1.E+2

centres using Schockley-Hall-Read kinetics

indicate that both states could degrade the low CONTROL MD LD PD EG

level minority carrier lifetime in p-type
material in the detected concentration and that

the 0.43eV state could be a significant FIGURE 1
generation centre likely to affect the

The concentration of the 0.38 and 0.43eV deepstates after three oxidation cycles in slices using

positive identification of the impurity or defect different gettering techniques.
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o.8ev 0.436V It is interesting to note that the enhanced
gettered material has over a hundred times

1.'+IS more gettering sites than the mechanical
damaged layers. One might reasonably expect
the longevity of the enhanced gettered slices to

141 4' be considerably greater than those mechanically
1+1 damaged or laser damaged and, indeed, this is

,1+1 observed to be the case.
TABLE 1

U+1i .Back Face Defects After Three OxidatonS

Type of Size Density Total Cettering
FIGURE 2 Gettering Length Density

The concentration of the two deep states in DAM CM- cM/cm t(c3-2)
material with back face laser damage after one,
two and three heat treatment cycles at 11OOoCfor two hours in steam r)1 x0 .x0

Ln 26 8x10, 2. lxl0It can be seen that the 0.32&V state isEC0 4 2 138 10

consistently reduced in concentration. However
th e 0 .43eV level red u ces initially and th enH o e r, i is m p ta t o a p ec te h t
increases. It appears that the higher the number of defects available changes veryconcentration state' is not only present in the sigiftly with the number of oxidation
starting material, but is also being introduced cycles. Table 2 gives an indication of these
during processing. The heat treatments took changes in laser damaged material. It can be
place in normal production line furnaces and seen that both the size and density of thethere is no reason to believe they were defects changes and the net effect is to increase
particularly contaminated. The gettering process the number of gettering sites between the first
for this state in laser damaged material and third oxidations by an order of magnitude.
undergoes a saturation whereas it does not for They then start to reduce. This provides a
the lower concentration state at 0.38eV. This qualitative explanation of the saturation
observation has very significant implications in observed for the higher concentration trap in
elucidating a gettering mechanism

Saturation does not occur in the case of Figure 2.
phosphorus diffusion gettering and is not Back Face Defects in Laer Damaged aterial
particularly significant in the enhanced gettered
matel. mNo. of Stacking Faults Total
.The TEM measurements give some Oxdtos Sz Deiy aern

indication of the number of gettering sites AS C ettereng
available on the back face. Table I compares CAM cu Lengt
the number of defects observed after three

oxidations. In this case they were made up
entirely of stacking faults, the dislocation 2 10 2xl0' .60062 23 2xl10 4 .6xl0*
density was insignificant. The last column 3 26 8xlO' 2. lxl0'which indicates the total gettering length 4 30 WOO 6.3xl06

density, provides a good comparative figure.
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TABLE. 3
Numerous models of gettering have been MOS ALe 3

MO iftm After Three Gettering Cycleprpsdin the literature. Vengurlekar [I) has

derived a relatively simple but convincing Getterfng Generation
relationship for the residual concentration of
impurities in a gettered layer based on the Lifetime
diffusion of the containment species to a region None 0.5-l.3#s
of defined thickness. Using this model for the No
0.38eV trap we have one variable parameter, LD 0.8- 2ps
the diffusivity in the gettered layer. To fit our 2 - Sa
results the diffusivity must be in the range
10-7 to 10 -tm I-' a value which is reasonably There is little doubt that among the slices
sensible for transition metal diffusion. measured the enhanced gettered material is

However, if we analyse the enhanced vastly superior. A comparision of the etch pit
gettered material perhaps the most interesting density on the front surface supports this view.
point to emerge is that after the first oxidation The etch pit density after four oxidations is
cycle the gettering takes place almost 105/cm2 on the mechanically damaged wafers,
exclusively in the poly-silicon layer. If we where it is less than 300/cm 2 in the enhanced
assume that the dominant mechanism is intrinsic gettered material.
gettering via the oxygen precipitates then we
require the diffusivity for the species which 4 CONCLUSIONS
diffused at 10-7cm's- in the MD layer to be The DLTS measurements have shown that
10-IDCm 2s-1 in the EG material. there are vast differences between the

Consequently, our model of the processes effectiveness of various gettering techniques,
occurring in the enhanced gettered slices is that particularly in terms of their longevity. TEM
during the first oxidation cycle the intrinsic
precipitatesmeasurements indicate that a good reason toprecpittes pla a igniicat rlebut explain this behaviour is simply that there are
subsequently the gettering is dominated by the ery larg t isers im tha ther arvery large differences in the number of
back face. This is true, even though additional gettering sites available in the different types of
precipitates appear to be formed during the material. Measurements of generation lifetime
thermal cycles as judged from measuring the on MOS capacitors indicate that the deep level
interstitial oxygen concentration using optical measurements are a good indicator of device
absorption- performance and confirm the view that

The dominant question, however, is what enhanced gettering provides a number of
effect does this have on the electrical advantages over traditional back faced damage
properties. We predict from the deep level tecniques.
measurements that the enhanced gettered
material should be considerably better. Table 3 REFERENCES
lists the generation lifetimes measured using the
Zerbst technique. [1] Ve x, A.S., Appld.Phys.Lett. 41
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A2.4.1

CMOS TECHNOLOGY WITH SELF-ALIGNED CONTACTS AND SELF-ALIGNED SILICIDE*

J.-M. MORET, P. WEISS, H. LUGINBUEHL

Swiss Center for Electronics and Microtechnology Inc.
M aladibre 71, CH-2007 NeuchAtel, Switzerland

M. DUTOIT

Swiss Federal Institute of Technology
CH-1015 Lausanne, Switzerland

Simple process modificat~ons are proposed to notably increase the packing density
of a given CMOS technology. These include the self-alignment of source-drain contacts
together with the self-aligned silicidation of the diffusion regions and the poly-
silicon lines. The required gate sealing makes use of the sidewall spacer technique.
The proposed changes have been incorporated into our conventional CMOS technology.
The use of self-aligned contacts and self-aligned silicide allows to reduce the
circuit surface of a C2-MOS latch by a factor of 2.4 and the gate delay of a ring
oscillator by a factor of 1.6.

1. INTRODUCTION To our knowledge the process proposed by

Structural improvements of conventional J. Solo de Zaldivar (4] is the only one used

CMOS devices can provide a large increase in today at an industrial production level [6].

packing density, while keeping the same mini- The purpose of this work was to take full

mum dimensions. This approach is particularly advantage of the structural improvements

attractive for gate lengths in the 2 wn obtained by combining the self-aligned source-

range because it may avoid further down-scaling, drain contacts with self-aligned silicide

which would require specific efforts to over- [7]. Special attention has been paid to the

come parasitic effects due to short channels wiring of the MOSFET with its surrounding

and high electrical field. For submicron di- interconnect lines, resulting in a consistent

mensions, resorting to self-aligned techniques and very efficient set of layout rules. The

will become essential since alignment toler- technique we propose only resorts to well

ances won't follow the size scaling any longer, established low-temperature steps, thus lending

Several techniques have been proposed for itself to its incorporation into a CMOS VLSI

source-drain contacts self-alignment [1 to 5]. process.

The widely used principle is to seal the

gate with an extra dielectric layer so that 2. DEVICE STRUCTURE

the source-drain contact can be etched without The MOSFET structure we have realized is

risking any electrical short between the elec- shown in fig. 1 and 2. Source and drain areas

trodes, even if the contact hole overlaps are minimized. Polysilicon interconnect lines

the gate. Gate sealing generally implies poly- and diffusion regions directly adjacent to

silicon gate oxidation, a process which them can either be connected to or insulated

proves uns, table for short devices, from each other.

Work sponsored by the Swiss National Foundation for Scientific Research (PN 13).
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The self-aligned silicide layer is formed on The circuit has been synthesized with an auto-

diffusion regions and polysilicon lines, matic program based on the concept of "gate

excluding the gate area. This avoids the back- matrix" [9].

end process problems usually encountered in

standard salicide technology [8]. The price

to pay for the partial silicidation is obvious-

ly a slight increase of the overall line -
resi stance.

ri -- -- _ - _ - _

II

CI.-..-.-

F

a) b)

Spoly-Si J diffusion

alcided sillolded b)
contact
area

FIGURE 3

Comparison of C2-MOS latch circuit
1 a) conventional

Comparison of MOSFET and interconnect line b) with self-aligned contacts

layout, a) conventional b) with self-aligned
contacts and self-aligned silicide (inter- 3. FABRICATION PROCESS
connect line connected to the drain).

Up to polysilicon layer deposition and
doping a standard 2 pm CMOS process is fol-

lowed. Self-aligned source-drain contacts

TTI2  810 2  metal require both top and side sealing of the poly-

silicon gate. The top insulator consists of

a 300 nm thick deposited S10 2 layer. The oxide

is patterned in two steps. First it is removed
by wet etching in all areas where surface

insulation of the polysilicon layer is not
FIGURE 2 necessary (fig. 4a). This requires a non-

Cross section of the structure given in critical photolithographic step, using an
fig. lb. extra mask. It should be noted that such

a supplementary step is characteristic of
The effectiveness of the resulting layout any self-aligned source-drain contacts scheme.

is illustrated in fig. 3, using a C2-MOS Then the polysilicon lines, with their pat-

latch circuit as an example. The circuit sur- terned top oxide layer, are defined by a

face has been reduced by a factor of 2.4 two-step reactive plasma etch (fig. 4b).

relatively to the conventional CMOS process.
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4 The use of successive highly selective and Diffusion and polysilicon sheet resistances
anisotropic etch processes allows to cope are both lowered to 2-4 1/0.

simultaneously with the covered/non covered At this point of.the process a 200 nm thick

polysilicon regions. leaving vertical sidewalls. phosphosilicate glass layer is deposited and
The lateral gate insulation makes use of the conventional processing resumes.

well established sidewall spacer technology

[10] (fig. 4c). Two kinds of SiO2 spacers are 4. RESULTS

formed, depending if the polysilicon line is Fig. 5 shows a SEM cross section of the
insulated or not on the top. Their heights realized gate structure after contact window

are very different (0.48 pm and 0.25 pm res- opening. The gate encapsulation has been

pectively) but their widths proves quite partly etched during the later step but its

similar (0.20 wn and 0.22 gAm respectively), thickness is still sufficient to leave the

gate to drain leakeage unchanged (fig. 6).

810 2 top Insulation poly-S1 The breakdown voltage exceeds 25 V.

") \\\\\\\\\\ \ !window edges

$102 sldewall Insulation

FIGURE 5

T182  SEM cross section of a gate structure after

contact window etching.

1-6
FIGURE 410- 2pm

Process sequence to form the gate insulation
and the self-aligned silicide on source-
drain regions and on polysilicon lines (outside
gate areas).

After p+ and n+ source-drain implantation W-1 .T

and drive-in, titanium silicide is formed on

diffusion regions and on non-covered poly-

silicon lines using the salicide technique -11 II

(fig. 4d). For this purpose, a 40 nm thick ATI-TO-ONAW VOLTAEM so

titanium layer is sputtered onto the wafer.

The silicidation is then accomplished in FIGURE 6

two steps, resorting to a rapid thermal proces-

sing equipement. Typical gate to drain leakage characteristic
(contact window overlaps gate region).
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The capacitance properties of the self- Gate-to-drain capacitance at zero overlap

aligned contacts MOSFET differ from those of (fig. 7b) are quite scattered; this dispersion

the conventional one in* two points : 1) the is due to the several photolithographic steps

drain junction capacitance is lowered by a and etches involved.

factor of - 2 because of the drain surface

reduction. ii) at zero overlap, the metal The reverse-biased drain characteristics

contacting the drain significantly contributes of MOSFETs with self-aligned contacts are very

to the gate-to-drain capacitance; but, due similar to those of conventional ones. This is

to the oxide spacer, the usual gate-to- also the case for most others parameters,

drain overlap is effectively reduced and such as threshold voltage, subthreshold slope

thus the measured capacitance proves lower and transconductance (fig. 8).

than for the conventional structure (fig. 7).

100

100

0 a)
IU 10

6 tn-channel

O0 " " 0.5 o 0r' with T1612

GATE-DRAIN CAPACITANCE (fFIpm) * without Ti$1 2  p-ahannl

100

I 10
>" GATE LENGTH (pm)
Z

w b)b) FIGURE 8
a

,_ __ ___,_Transconductance vs. gate length of MOSFETs
0 o.5 with and without TiSi2.
GATE-DRAIN CAPACITANCE (fF/pm)

21-stage ring oscillators have been fabri-
100 cated with the proposed process. The gate

0 delay per stage is reduced, relatively to the

Z standard technology, by a factor of 1.6 from

O 0) 0.70 ns to 0.44 ns (at 5 V).
IL

4i dale

GATE-DRAIN CAPACITANCE (IFIjam)

FIGURE 7

Single wafer gate-to-drain capacitance histo-
grams. a) conventional structure b) with
self-aligned contacts (zero nominal window,
metal and gate overlap) c) like b) but with
window and metal 2 Imi distant from the gate.
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A2.4.2
14M IS DEYIC WIr SU .- ALIGM TITANIUM SILICIDE AND CVD riS= AS. FI RST HALLISOATIO LEVM

C. Area, S. Delmoibus, G. Gugan, P. Laporte, F. Mrtin, J.L. Pelloe
LITX/Il I - COMNISSAR A LUENMI A1aQLU CENIl - 85 X - 38041 GWJ cOBLa FRA

I. INTRODUCTION poly delineation through the remaining gate o-
Ti Silicided CMOS technology has been extensive- xide. Spacer technology is then used for LDO
ly studied in the last few years, because sca-

ling of device sizes towards submicronic field NMOS control,-PMOS lateral diffusion control as

needs reduction of source and drain junction well as poly to source-drain isolation in the

depth. The increase of junction sheet resistan- TiSi2 silicidation process. 350 rm of PECVO

ce can be a problem for keeping optimized device SiO 2 are deposited and etched in an RIE reac-

performances The main circuit applications con- tor to get the desired spacer length. Prior to

cern poly-Si gates [1] and silicided junctions n+ and p+ implantations, source and drain are

[2]. The great advantages of self aligned sili- oxidized in order to have an implantation mask

cidation are the improvement of sheet resistance on poly and substrate. Once the implantations

compared to N+ or p+ layers, the possibility of are done, the structure is furnace annealed at

higher packing density, especially with the in- 9500 C for activation and diffusion of dopants.

troduction of butted contacts and a best imnuni- Fig. 1 Silicide and tungsten metalli-
ty to latch-up [2,3,4]. An improvement on speed zation main steps process.

can be expected for some products as ROM andPLA a. -
by drain-source silicidation and for RAM by gate

silicidation. After gate etch, n-shallow implant

CVD tungsten as first level metallization b.

was chosen for its ability to meet same of the -- z, z z
most severe requirements in submicronic multi- Spacer definition, source & drain
level metallizations [5]. Its exellent confor- Spa tion uc & danoxidation n + & p implants, anneal
mal coverage compared to the problems associa-
ted with physical vapor deposition of aluminium c. TN.

allows a complete filling of small contact holes.
Morever W CVD shows no hillock formation thus Oxide deglaze, salicide process

allowing far higher thermal treatments to achleve d. .::.-
a good planarizing and reliable interlevel die- d.

lectric. Further, the electromigration resis-
tance of W is much greater than that of Al [5].

BPSG deposition, Reflow, contact .,.sk & etch,
2. PROCESS DESCRIPTION Sputtered W deposition, CVO W deposition, Metal

Figure 1 shows the main steps of the pro- I mask & etch.

cess flow used on these experiments. Starting

with both NMOS and PMOS bulk silicon materials, TV

a conventional LOCOS and a 20 nm gate oxide are

achieved. After threshold adjust implantations,
420 nm of polysilicon are deposited. Poly is

then doped from a PO Cl3 source before achie-
ving gate etching. Phosphorus implantation is Metal 2 - Metal I planarization, via mask &

used for self-aligned LDO on NMOS just after etch, AlSi(1 %) Cu(O,5%) deposition, mdtal 2

mask & etch.
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After stripping of tbermal oxide on Junc- Recently Broadbent [7] reported analogous re-

tions and poly with BHF 6Onm titanium are sputtered sults and confirmed the role of sputtered W as

and annealed at 6250C under nitogren ambiant in a diffusion barrier. A sputtered W thickness

high flow purged furnace. After TiN elimination of 15 nm should be sufficient to prevent from

in perodixe-sulphuric bath, and second heat unwanted WF6 Ti reactions.

treatment at 8506C 10w with rapid termal annea-

ling system (AET ) under Ar ambiant TiSi2  Fig. 2 Auger profile of W/TiSi2 interface

reaches 2.5l/o on bare silicon wafers without No fluorine peak is appearing

implants. Then BPSG is deposited and reflow is

achieved at 8500C under steam ambiant.

Chemical vapor tungsten deposition is

achieved in a hot wall reactor (ANICON) at 400-C

and a total pressure of 0.4 torr, through the

12 reduction of WF6 (one step process) with a U

ratio PH2/PWF6  5. In these conditions, no uni-

form and adherent W deposit can be obtained on

oxides. A "glue" layer between BPSG and CVD W

is necessary. For obvious chemical compatibili-

ty, a sputtered W layer is chosen and optitmi- V I CIc C1?V

zed in terms of good adherence of the sputtered At last one interesting feature concerns

and CVD W bilayer on BPSG and in terms of good the double metallization level interdielectric

electrical contact with the TiSi2 underlayer. which was obtained through whole uniform 400C

Therefore these requirements lead to the follo- PECVD oxyde deposits leading to a minimal

wing sputtering conditions : first an in situ stress level and better mechanical reliability.

back sputtered etch of TiSi2, then W deposit in It can be noted that for an aluminium alloy

an Alcatel PUMA 500 system at 2000 Watt under metallization severe limitation of temperature

an Argon ambiant (P Ar = 2.10 -2 torr), the sub- make the intermetal dielectric realisation

strate is maintained cold (< 1000C). difficult due to hillocks formation. Al Si

Another point of importance is the pro- (1 %)-Cu (0,5 %) was deposited and delineated

blem of titanium solid fluorine species (TiF 3, as second level metallization.

TiF 4,) formation due to the possible reactir
of TiSi2 with WF6 + H2 and their byproduLL. (6]. At witness process is achieved in the same

of T~i wih WF6 +H 2and hei byrodUL. 6]. time with aluminium metallizations (first le-
150 nm sputtered W is expected to act as an

active fluorine gas diffusion barrier in regards vel) and poly gates for comparison with TiSi2,

to the underlayered TiSi2. The Auger depth pro- W technology.

file spectrum reveals no trace of fluorine pre-

sence at the exact interface between sputtered

W and TtSi2 (fig. 2). Moreover good adherence

(scotch tape test) on full wafers is obtained

Contrary to direct CVD W deposition on TiS 2.
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3. TOPOGRAPHIC RESULTS 4. ELECTRICAL RESULTS

Figure 3 illustrates the tremendous pla- a. Sheet, contact and via resistances

narization effect of both BPSG (5% B, 4% P) re- Higher sheet resistance value on n+

flowed at 850 C and CVD W on a periodic struc- (40/) and p + (3.5o/o) junctions than previous-

ture of poly gates. ly observed on bare silicon results from steam

ambiant of reflow and has yet to be optimized.

Specific contact resistivities are measu-

red on Kelvin resistor and found to be 20a.pm
2

for Ti Si2/n + and 100a. pm
2 for Ti Si2/p+. The-

se results are in good agreement with others

previously reported (8].

Via resistances between W as first metal

and AlSiCu as second metal are found to be

80 ma for 1.2 pm size vias.

b. Active devices characteristics

Table 1 lists the different parameters

FT 3 -ILLUSTRATION OF BPSG AND TUNGSTEN obtained for a transistor having an effective

PLANARIZATIOt EFFECT length of 0.8 pm (Weff = 19 pm). Figure 5

shows typical I-V characteristics for a drawn

lengh of 1.1 pm. These characteristics are quite
Figure 4 illustrates the small holes fil- similar with and without Ti Si2. All transistors

ling capacity of CVD W due to an isotropic parameters have the same values than those ob-

growth mechanism. Ti Si2 is revealed in black tained for standard technology (n+ poly gate,

with an HF chemical etch. The sharp interface Al as first metal and no silicidation).

between W and Ti Si2 can be noted.
Table 1. Electrical parameters of n and p

channel transistors (Leff = 0.8 pm - Weff =

19 pm).

Threshold Subthreshold Breakdown Mobility

voltage (V) Slope (,V/dec) voltage (V) (ca3.V-l.s-1)

NMOS 0.4 90 7 530

PMOS - 1.1 95 - I0 18O
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Fig. 5 : IDS versus VDS characteristics on

silicided PIOS and NMOS transistors. No dif- .

ference with no silicide process transistors. 0 1

0 CUANUL 5 9
L3 1.1

0.

Leff en mlOrons

Im~l. P CHANNEL?C - I M 5. CONCLUSION

We have demonstrated in this paper that

a technology including TiSi 2 sell aligned sill-

cidation of junctions and n-poly gates plus W

as first level metallization can be performed

without any electrical degradation compared to

conventional technology. This process will be

applied to a future 0.8 pm drawn CMOS technolo-

gy.
We have noted a significant improvement on

punch-through voltage for NMOS device with si- The authors thank the whole people of R &

licidation. Figure 6 shows the evolution of 0 team who contributed to the study.

punchthrough voltage versus effective length REFERENCES

for n-channel transistors with and without

Ti Si2 . Punchthrough voltage is defined as the [1] Y. Murao et al., IEDM Tech. Dig., p. 518,
2' 1983.

drain voltage associated with a drain current [21 Y. Taur et al., IEEE Trans. Electron 0ev.,

of lOpA per transistor width unit (the maximum Vol. ED-32, p. 203, 1985.

value on the curve is voluntarily limited to (3] F.S. Lai et al., IEOM Tech. Dig., p. 513,

8V), the other electrodes being grounded. We 1985.

think that this effect is due to a better loca- [4] T. Yamaguchi et al., IEOM Tech. Dig., p. 522,
1983

tion of carriers injection in the channel as [5] M.L. Green, AT & T Bell laboratories, to be

the junctions are silicided. This improvement published.

has not been observed on p-channel transistor [6] E.K. Broadbent et al., J. Electrochem. Sec.,

which is a buried channel transistor. Vol. 133, p. 1715, 1986.

[7] E.K. Broadbent, Workshop on refractory
Fig. 6 BVDSS versus leff. Comparison is metals and silicides for VLSI, San Juan

given for silicide and no silicide prrocess. Bautista, California, 1986.
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A2.4.3

A COMPARISON OF RETROGRADE AND CONVENTIONAL N-WELLS
FOR SUB-MICRON CMOS CIRCUITS

A.G.Lewis, R.A.Martin, J.Y.Chen, T.Y.Huang and M.Koyanagi

Xerox Palo Alto Research Center
3333 Coyote Hill Road, Palo Alto, CA 94304, USA

Abstract. A general and direct comparison of retrograde and conventional n-well CMOS
technologies is reported. The advantages of the retrograde structures in terms of
packing density, isolation and short channel PMOS characteristics are demonstrated.
The conventional wells offer slightly better circuit performance due to lower p + to n-well
junction capacitance. However, the major difference between the well types lies in their
latchup susceptibility; here the retrograde wells have a significant advantage due to their
lower sheet resistance and greater tolerance to very thin p-on-p + epitaxial layers.

1, INTRODUCTION types is also described, and the implications for circuit

The use of high energy (0.5-1MeV) phosphorus performance are demonstrated.

ion implantation to form retrograde n-wells for high
performance VLSI CMOS circuit fabrication has been 2. RETROGRADE AND CONVENTIONAL N-WELLS

reported by a number of authors [1-41. The Both the retrograde and conventional well
advantages attributed to such wells include technologies used in this work rely on relatively
improvement in short-channel PMOS transistor straightforward LOCOS [51 isolation. In the
characteristics [2,3], improved packing density [4] and conventional well case, phosphorus ions are implanted
reduced latchup susceptibility [2]. These features at low energy (<200keV), a thermal drive in is
make retrograde wells very attractive for sub-micron performed and the field oxide is grown. The
CMOS circuit applications. However, in order to retrograde wells, however, are formed after the field
assess the usefulness of implanted retrograde wells oxidation. The phosphorus ion implantation energy
fully it is also necessary to draw a direct and general (0.6-0.8MeV) is chosen such that the peak
comparison with conventional structures. This paper phosphorus concentration lies just below the field
presents a broad comparison between independently oxide - silicon interface, and only a short activation
optimised retrograde and conventional n-well anneal is performed after the implant. In all respects
technologies; the same mask sets have been used to other than the n-well formation, the two technologies
fabricate devices and circuits in both processes, and are very similar.
thus the comparison is as direct as possible. Figure 1 shows simulated two dimensional doping

The lateral isolation achievable in the two contours for the region around an n-well edge,
technologies has been reported elsewhere [4], and is including n + and p + source / drain diffusions, for both
not considered in detail here. However, the combined technology types. In each case, the n-well depth
effect of lateral isolation performance and latchup on under active area (the p + diffusion) is just over 1 pm.
packing density is discussed. The characteristics of but the retrograde well is substantially shallower in the
active p-channel transistors formed in the two well field region.
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Breakdown voltage (volts) measured values

(a)~s 50 - - odled value

Noia nvntoa n-well prto lm

""." .................... _ __ te u d ryng ps b tae a lu tae i h n et
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..... ill sfie ntl =ihthtcruiprtiniotipdd
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.1 ..... ... . 0 . . . . . . i . . . .i . .

dail.J0 1 2 3 4 5 6
Nominal n + to n well separation (pm)

(b) Fig.2 N + to n-welt breakdown voltages. VfS b Sv ID atiOpA.

the underlying p-substrate, as illustrated in the insert,

as a function of p on p + epitaxial layer thickness. On

thick epitaxial layers the punchthrough voltage is

sufficiently high that circuit operation is not impeded.

rHowever, if the nominal (as grown) epitaxial layer

as fnctiothickness is reduced to 4pm or less, the vertical
breakdown voltage falls below 10 volts. Vertical

A.1 Simulated two dimensional doping contours at n-well edge. isolation thus sets a minimum value on the epitaxial
e t p-" lerdoping neotinstype doping. a l

(a) Conventional n-well. (b) Retrograde n-well.l t nn til'yprtansorlam)
immunity.

3. EXPERIMENTAL RESULTS Vertical punchthrough voltage (volts)

&I1. Lateral Isolation 6

Figure 2 shows n+ to n-well breakdown voltages
40

as a function of mask separation. At large spacings, vp0O Ov

avalanche breakdown at the well-substrate junction 30 m h

dominates, and the higher doping levels in the 20 igedpg
retrograde structure produce a lower breakdown 10 p-substrate nnwelll

voltage. At smaller separations, however, lateral 0 CEL

punchthrough occurs, and here the advantage of the 0 2 4 6 a 10 12 14 bulk

shallower field well depth achieved with retrograde Nominal pitaial layer thickness (pm)

isruturis cler. Thegreakdshown votiag doentfall Fg.3 Vertical p. to p-substrate punchthriugh voltage in astrutur isclea. Te beakdwn oltge des otallcoentional n-well. Sense current a 2fApum-2, well
below 10 volts until the nominal separation is well depth s 12pm. well doping - 3xl0l6cm-3.

below 1 pm. This corresponds to a minimum n + to

p +sepratonof essthn 2m ~$~Vertical isolation in retrograde wells is much better, ;

32. ert~al solaioneven at the same well depth, due to the higher doping

One of the major problems associated with the use levels that can be achieved at tho bottom of the well
of very shallow conventional n-wells Is that of vertical without raising the surface concentration sufficiently to
isolation 16,71. Figure 3 shows vertical punchthrough affect active PMOS device characteristics (figure 1).
voltages measured between a large p + diffusion and Thus, thinner epitaxial material can be used.
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.3 Latchup leakage, as discussed in section 3.1. The minimum

Figure 4 compares latchup holding currents for final epitaxial layer thickness is set by vertical isolation

retrograde and conventional n-wells. Data are shown (section 3.2). Lateral and vertical breakdown voltages

for a range of nominal (as-grown) epitaxial layer of at least 10 volts are required. A holding voltage of

thicknesses; the final thicknesses are about 2pm less greater than 5 volts is chosen as the latchup criterion;

in the conventional well case and about 1 pm less with this is determined by the final epitaxial layer thickness

the retrograde wells, the difference being due to out- and is almost independent of the technology type (8].

diffusion from the p + substrate during the n-well It is clear the retrograde wells allow significantly
smaller n+ to p+ separations, and that this is

drive-in required for the conventional technology.
With nominally 4pm thick epitaxial layers, the primarily due to their superior vertical isolation since

conventional wells give higher holding currents due to this allows thinner epitaxial material to be used in order

this effect. However, the highest holding currents of all to maintain latchup immunity.

are obtained with retrograde wells and a 2pm as-

grown epitaxial layer; conventional well devices cannot

be fabricated successfully on such material. The Safe operating regions: conventional wells retrograde wells

retrograde structures also provide better latchup n+top + seation (1)
7

protection with thick epitaxial layers or bulk material V - V

due to their much lower n-well sheet resistance.
S

4
Holding current .....

1A
- - - - Retrograde n-wells 2 conventional

Conventional n-wells 
r

coetioad jvIDVERT 
•

10v

2prm epi 4pnm epi retoad

90 '1.0 0
0,., 0 1 2 3 5 5 6 7

100mA W, Final eaptaxial layer thickness (pr)

Fig.5 Safe operating regions for conventional and retrograde n-
- well technologies.

/

/0 8m epi

/ nme 3.5. Active p-channel device performance
% 4P bulk In the conventional n-well technology, the surface

well doping is largely determined by the need to

maintain vertical isolation, and little freedom to

imA I optimise the well profile for PMOS device performance
0 z 3 4 s 6 7 a 9 10 exists. With retrograde wells, however, the deep, high

n + top separation (pm) energy well Implant achieves vertical Isolation without

Fg4 Latchup holding currents vsn + to p + separation, raising the surface doping significantly. A separate
Diffusion width is Wina

implant can thus be added and tailored for optimum
p-channel performance. This greater design freedom

3.4. Packing density limitations means that good small geometry PMOS performance

Figure 5 summarises the limitations imposed on is more easily achieved in the retrograde wells, as
packing density by latchup, lateral and vertical illustrated in figure 6. The extra margin against PMOS
isolation. The boundary lines delimiting the safe punchthrough is particularly useful for sub-micron

operating regions are determined as follows. The designs where hot electron induced punchthrough [9)
minimum n+ to p+ separation is set by lateral becomes a major concern.

583



BreAdown voltage (volts) Shift regivtr current (VrA)
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-2 -10 Conventional n-well 0 Retrograde n-l circuns

-Conventional n-well circuits
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.2 .4 .6 .8 1 1.2 1.4 1.6 1.8 0 s0 100 10 200 250 3W
Channel length (li) Clock frequency (MHz)

Fig.6 PMOS punchthrough voltages. VGs - VT + 1v I - 100pA. Fig.8 Ten stage static shift register supply current at Voo a 5v

4. CONCLUSIONS
3.6. Junction capacitance

The comparison reported here shows that
The higher doping levels in retrograde n-wells

which give superior latchup immunity and vertical retrograde n-wells have some advantage over
conventional structures in terms of packing density due

isolation in comparison to conventional structures also

to the smaller n + to p + separation which can be
achieved with the shallower field region well depth.

Measured zero-bias values are about 0.95fF/pam2 and The implanted structures also offer greater freedom to0.45fF/ am2 for the retrograde and conventional wellsrespectively. optimise p-channel doping profiles, leading to better
short-channel PMOS characteristics. On the other

37. Circuit performance hand, the conventional structures offer slightly superior

The main difference in terms 'f circuit operation circuit speed and power dissipation due to lower p + to

arises because of the difference in p + to n-well n-well junction capacitance. However, the main

junction capacitance noted above. Figure 7 shows difference between the technologies lies in their

simple ring oscillator stage delay, while figure 8 shows immunity to latchup. Here, the retrograde wells are

the current consumption of a 10 stage static shift significantly better for two reasons: firstly, the n-well

register as a function of operating frequency. In both sheet r6sistance is lower, and secondly the vertical
cases, the conventional well circuits offer 5-10% isolation is better, allowing thinner epitaxial material to

better performance, be used.
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A2.4.4

IMPACT OF S/D-PREAMORPHIZATION ON CMOS PERFORMANCE

C. Mazur6, J. Winnerl, F. Neppl

Siemens AG, Corporate Research and Development, Microelectronics, Otto-Hahn-Ring 6,
0-8000 MUnchen 83, FRG

Substrate amorphization prior to Source/Drain implantation is used for shallow
junction fabrication. The impact of preamorphization on CMOS Performance is
investigated. Results for a 1.5pm double well CMOS Technology with phosphorus and
boron drains are presented. The influence of preamorphization on the transistor
characteristics, speed and latch-up hardness is discussed.

1. INTRODUCTION First, the junction is considerably shallower.

Amorphization of Si prior to B implantation Reasons are the elimination of channeling and the

ist known to reduce the p-n-junction depth. In 10_ _ _1_ 1_1

addition, the electrical activation of B is
improved. So far, investigations have focussed on : 4 -10C,

2

the characteristics of the resulting pn- lol| 900*CN 2 .40mm

junction. I ' 0 nm

In this paper, our results of preamorphized
p-diffusion 

regions are briefly summarized. 
For .o 

2

the first time, also the impact of preamorphiza- Z

tion on phosphorus doped n-diffusion regions 
is 

'

discussed. The main part of the paper, however 0 06'  s

deals with the influence of the corresponding C

effects on CMOS device characteristics. The 
\ n

results are based on a 1.5pa double-well CMOS lol

technology with B- and P-doped S/O-regions for p-
and n-channel devices, respectively, but are also
applicable for sub-pm technologies. I.2 m0oa 6.2 G.A PM 1.6

depth
2. S/D-FORMATION

Amorphization of the S/D-regions was achieved Fig. 1: SIMS profile for boron with and without

by a blanket high dose Si implant prior to S/D- preamorphization.

implantation. In order to avoid recrystallization me
effects due to heating during the Si-13-t:4 09af,0k*
implantation, the substrate temperature was kept 5.pFm I" .

below 700C. P and B implants of a dose of PMds 1 o0 2 60nm 46
5xIO 1 cm-2 were used for the formation of n- and T .,

p-diffuslon regions. Recrystallization and
dopant activation were done by a 40 minutes 0

f anneal at goocO. 0 W
Fig. 1+2 characterize the effect of o

preamorphization on the p -diffusion regions. In
Fig. I SIMS-profiles of the p-dffusion regions
with and without preamorphization are compared. 8.31 ..
Fig. 2 shows the dependence of Junction depth xj I Zee 2N nm 3e9

and sheet resistance Ro+ on the depth xs, of the x$1  -.

amorphous zone. Preamorphization has three Fig. 2: Junction depth xjp+ and sheet resistance4

effects on the p-diffusion regions: Rp+ vs. depth xs, of the amorphized zone
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reduction of B diffusion. As can be seen from P- P3

Fig. 2, xj depends strongly on xsi, there is a d&03s.ilnm
minimum around xs-200nm. For significantly JAm

smaller xsi-values., channelling is no longer o

suppressed. For higher xsi-values xj increases - -*

probably because 8 diffusion is enhanced by the a2g 2-

increasing density nf point defects.

Second, the activation of the implanted B is --
enhanced in the preamorphized samples (see Fig.
1), because there is less B clustering. This in

turn reduces the sheet resistance of the p S/0- \ I

regions (Fig. 2) and particularly increases the I IN 211 nm N

electrically active surface concentration. xs -
Third, the amount and local distribution of

the residual damage changes. In standard B- Fig. 4: Junction depth xjn+ and sheet resistance
R.+ vs. the depth Xs, of the amorphized

implanted p-regions there is a high defect con- zone.
centration located at the maximum of the as-
implanted B profile. With preamorphization the xsia2OOnm (Fig. 4), where the amorphized region

density of damage is considerably reduced. The extends beyond the region of high P concentration

residual damage is concentrated around Xs, (Fig. (Fig. 3). The accumulation of P in the residual

1), which is closer to the pn-junction. Since damage zone around Xs, suggests, that mainly the

Xsi<Xj in all cases (Fig. 2), no impact on diode fast vacancy related P diffusion in the tail

leakage current was found as expected. region is retarded.

The investigation of the impact of Since the high dose P implant alone also leads

preamorphization was extended to phosphorus doped to amorphization of Si, no enhancement of

n--diffusion regions. n--diffusion regions have electrical activation of P was obtained by the

to be taken into account for applications in c40S preamorphization. Consequently no significant

technology. Fig. 3 compares the phosphorus effect on the n-sheet resistance and on the

profiles with and without preamorphization after surface concentration was observed.

annealing. Similar to the case of B, the junction For the n-regions with and without

depth is reduced. This effect was significant for preamorphization there is little residual damage.
With preamorphization, however, the residual

2 damage zone is closer to the junction. This is
gl ,because xj is reduced and because the damage zone

is located around xs, rather than around the zone
Cm-l P: 8.e66crml of high P concentration. Again no deterioration

lUIN ,41min of the junction quality was observed.

3. DEVICE CHARACTERISTICS
For device fabrication the preamorphization

C0 % conditions were chosen to minimize xjp+. xjp+ wasIsl noi % if reduced from 0.55pm to 0.35pA, xs,,+ from 0.6pan to

0.43pm.
o The main advantage of the reduction of the

o junction depths of the S/D regions is an
o with

witih I improvement of the short channel behaviour of the
1s6 MSFETs. Figs. 5+6 show the threshold voltages VT

of n- and p-channel transistors as a function of
the effective channel length L.,f for S/0-

Iformation with and without preamorphization. For
S 0.2 4A pm both channel types the minimum channel length

depth Lmi. with long channel behaviour is reduced by
about 30 when preamorphizatlon is used. A

Fig. 3: S1MS profile for phosphorus with and similar relative reduction of L.,, is exptected
without preamorphizatlon. for sub-micron devices, too. A major concern in
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standard CMOS technologies is the insufficient
subthreshold behaviour of the p-channel M OSET
transistor at short channel lengths. Fig. 7 shows Inv

that due to the reduction of xjp+ by noiI

preamorphization a sufficiently low subthreshold ' xjt.o.m

swing can be obtained for significantly lower

channel lengths than without preamorphization. i100
A drawback of the reduction of the junction

depths was the increase of substrate current l with Si P.C Xigf-O35pm o=V
I.b: 204 for the n-channel and 100% for the p- z /30 

= o5v

channel. I.b was confirmed to increase with 0

decreasing xj, as it is expected from simple I__ ___ ___ __

models for the maximum electric field in the *.5 1.8 1.5 2. 2.1 pm 3.6
channel, which determines IS.b. Therefore, may be Lef -

for optimum overall device characteristics a com-
promise has to be made between xj reduction and Fig. 7: p-MOS subthreshold swing with and without
I.b increase. Si-I 2 vs. channel length.

A comparison of preamorphization with the substrate current with respect to only B-

standard technique to obtain shallow p-n- implanted S/D regions is no particular effect of
junctions by BF2-implantation yields the the preamorphization but follows from the

following advantages for preamorphization: no reduction of xj and therefore is equally observed

fluorine related damage, lower parasitic resist- for BFz implanted junctions corresponding to the

ances, shallower junctions. The increase of the xj-value obtained.
Depending on the profile of the background

. •,doping, the reduction of xj can cause changes of

p- MOSFET the junction capacitances, which might affect

t-------_ circuit speed. In the present case the n-well is
.-. with Si2 rather shallow and the concentration of the well

xip*.o35in./.- 12 doping steadily increases towards the surface.

Xip-.5lipm This represents the worst case, since a xj
-.6 reduction causes an increase of the junction

capacitance Cj because of increasing background
VS= oV doping. This was confirmed by measurements of the

.s I 20 2: . junction capacitances of p-n-diodes with and

-0. 1.1 1.6 210 2 S pm 3. without preamorphization. The difference is
.Leff P significant at low reverse voltages only, since

at high voltages the depletion region extends
Fig. 5: p-40S threshold voltage VTp with and into the region of constant background doping

without Si-I2 vs. channel length. underneath the shallow n-well. For the n-

junctions no Cj change was observed. This is

1.3 expected from the fact, that for the deep p-well
n-MOSFET the doping concentration is rather constant close

with So -2  to the surface. It was confirmed by gate delay
IV n X - measurements with 3-input NAND/NOR ring

oscillators, that the increase of Ci at low
I X.iO.6m reverse bias had no noticable effect on circuit

9.5/ speed. This can be understood by considering that

/ Vos.=V junction capacitance is only a minor part of the

V - total capacitive load. Other doping profiles
would lead to other types of changes of theI

1.6 1.9 1.6 2.1 2.S Ism 3.6 junction capacitances. It is, however, generally Vq
Leff - believed, that these changes have only minor

effect on circuit speed. This holds particularly
Fig. 6: n-MOS threshold voltage VT. with and for scaled technologies, where wiring capacitance

without Si-Is vs. channel length. dominates.
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The better electrical activation of boron reduced by nearly two orders of magnitude.
reduced the p -sheet resistance to 60 of its Similar results were obtained for the parasitic
value without preamorphization. The higher p-np-transstor. From this it is concluded, that

surface concentration leads to a factor of 2 the small spacing between the residual damage
decrease of the contact resistance between zone in the case of preamorphization, which is a
metallization and the p-areas. Thus the zone of high minority carrier recombination rate,
parasitic series resistance of the p-channel and the base-emitter junction enhances the base
devices is considerably diminished. This becomes current and thus reduces the emitter efficiency.
increasingly important for sub-micron This leads to the small current gains of the
technologies where parasitic series resistances parasitic bipolar transistor in case of
begin to limit the current of the short channel preamorphization, which considerably improves the
transistors, latch-up hardness. Consequently preamorphization

The shift of the residual damage zone towards allows to reduce the critical n /p--spacing of
the pn-junction which was observed for the CMOS structures without trade off with respect to
preamorphized diffusion regions did not affect latch-up hardness. For the technology presented
the diode leakage current, but significantly im- here, the n /p--spacing could be reduced from 6pm
proved the latch-up hardness. This is attributed to 5p1.
to the reduction of the cur-ent gains of the
parasitic bipolar transistors the emitters of 4. CONCLUSION
which are the S/D-regions of the MOS-devices. The impact of preamorphization on CMOS
Fig. 8 shows for the parasitic npn transistor, performance was evaluated for a 1.5um technology.
that the current gain steadily decreases with A considerable improvement of the short channel

decreasing spacing between the damage zone and behavior of the MOS devices has been

the pn-junction. For the optimum conditions demonstrated. In scaled devices the phosphorus

chosen in our technology, the current gain is doped n-S/D-regions will -be replaced by LDD-
structures. Consequently in the future

104 preamorphization might only play a minor role for
n-channel transistors, e.g. by reducing the
lightly doped phosphorus tail underneath the As.
In contrast, the p-channel results will be useful

-also for sub-micron technologies. It has to be
investigated yet, how the I..b-increase affects

S3 - ."device reliability. There might be a trade off

C between optimum short channel behavior and
.5 sufficient device reliability. The improvement of

latch-up hardness caused by the redistribution of
XW..45go the residual damage of the S/D-regions will be

0 2 wih i, present also in scaled devices, even if for the
to . n-channel transistors LDD structures are used,

Sbecause a similar reduction of the spacing
i between damage zone and junction is expected as

in phosphorus doped n'-regions.
In summary, preamorphization proved to be a

... . . _useful technique to optimize future device
It2 U 8.4 0.5 pm 0.0 structures.

Xjn+ - Xsi -
REFERENCES

Fig. 8: Parasitic npn bipolar current gain depen- /1/ K. Yamada, M. Kashiwagi and K.Taniguchi,
ding on the spacing between xs, and Xjn+. Jpn. J. Appl. Phys. 22-1, 157 (1982)
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A2.4.5

THE INFLUENCE OF TRENCH ISOLATION ON SUB-MICRON TRANSISTORS

M C Roberts, D J Foster, P H Bolbot and P L Medhurst

Plessey Research Caswell Limited
The Allen Clark Research Centre
Caswell, Towcester, Northants. U.K. NN12 8EQ

In order to achieve a high packing density, for both NMOS and PMOS, and lateral punch-
sub-micron CMOS process, a trench isolating through voltages were over 7V for both NMOS
technique with both n+ and p+ diffusions abutted and PMOS transistors each with an Leff-O.75pm.
directly to the trench wall has been developed. Transistors were fabricated on both n-type and
By placing both n+ and p+ diffusions against the p-type wafers.
trench, a packing density improvement greater
than two can be achieved over a trench process
with off-set diffusions.

In this work a twin well CMOS process with
shallow sources and drains (0.2pm) has NNWOS and
P14OS transistors isolated by 1AU wide and 2pm
deep trenches. The trenches are passivated with
both a sidewall oxide and a nitride layer and
filled with poly-Si. The sidewall nitride layer

prevents the encroachment of the field oxide
into the active area and hence allows the n+/p+

diffusions to abut directly to the trench wall.
Fig.1 shows an SEM cross-sectional micrograph of FIGURE 1
the trench structure before gate conductor Cross-sectional SEM of the trench structure
patterning, prior to poly-gate patterning.

The electrical characteristics of both 11OS One of the main concerns-of a trench process

and P14OS trench isolated transistors have been is the ability to control the trench parasitic

evaluated for a range of transistor geometries, transistors. If the trench parasitic transs-
Good working sub-micron transistors have been tors are allowed to conduct, the quiescent

processed with electrical widths or lengthsas power dissipation of a circuit will be extreme-

.low as O.3pm (Fig.2). The process schedule gave ly high.
unity aspect ratio gains of 90 and 26pA/V2 and
subthreshold slopes of 95 and lOOmV/dec for Electrical contacts wre made to the poly-Si

0.8pm NNOS and PMOS transistors respectively in order that it could be used as the gate of

(gate oxide thickness - 200A). The off-state the lateral and vertical parasitic transistors

leakage currents were less than O.lpA/pm width enabling the characteristics of these parasi-
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10V~ 
5V

VD01V

675 mv/dec

10 o 0 1 ' 5 10 15 20 25

VG (volts) Trench potential (V)

200Q 5V FIGURE 3

Subthreshold characteristics of a lateral
0MOS parasitic transistor.

ve *4V Fig.4 sumarises the results for the four

C 0€trench parasitics. The vertical 1140S parasitic
was measured on an n-type substrate (2ocm) and

V0 =3V the vertical P14OS parasitic on a p-type sub-
strate (259cm).

E~va 
a2V

0 1 2 3 4 1

VoTrench voltage (v)

F NMOS vertical 4.5± 0.3 (3a n-1):i FIGURE 2

Subthreshold and I-V characteristics of ten NMOs lateral 7.5 t 1.2 (3o n-1)
parallel sub-micron wide transistors (W-0.3po,
L-lOpm). PMOS vertical -16.5 t 2 (3a n--1)

tics to be determined. Fig.3 shows the sub- PMOS lateral -9.5 t 1 (3on-I)

threshold characteristics of a lateral NIOS
parasitic transistor. The lateral parasitic has FIGURE 4

a threshold voltage of 12Y and a subthreshold Trench voltage of the four trench parasitics.

slope of 875mV/dec. The trench voltage required

to obtain a vertical trench leakage current of

IpA per micron length of trench and a lateral It Is clear from the results summarised in

trench leakage current of lOpA per trench edge Fig.4 that it is preferable to establish a pro-

was measured. The drain potential of the para- cess on p-type wafers since the n+ to n-

sitic transistors was kept at a potential of substrate vertical N1OS parasitic which has the
SV(4NOS) and -SV(POS) during these measure- lowest turn-on voltage will be eliminated.

ments.
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10 As well as characterising the parasitic

transistor directly. the subthreshold charac-

16 teristics of the top transistor were measured
as a function of trench potential. Fig.5 shows

166_that there is only a minimal shift in the sub-

- threshold characteristics of a 20/1 NMOS tran-

160V'ENO4-5 sistor as the trench potential is increased to
5v.

V r VTFEM:"- OVAnother concern of the trench process is the
_______________________ability to maintain adequate planarisation. If

the poly-Si gate is allowed to exctend over the
VG(VoftS) edge of the active area then the vertical para-

FIGURE 5 sitic current will be dependent on the gate
Dependence of the subthreshold charac- potential (Fig.6). However, by maintaining
teristics of a 2011 NMOS transistor on trench adequate planarisation, this effect can be
potential.

largely eliminated.

Good Planarlsation As well as characterising the trench parasi-
3 tics at room temperature, full characterisation
5 has also been carried out on all the trench

"O 
parasitics in the temperature 

range 20*C to

U. ~ 0 5V V00OV teristics of the NMOS lateral parasitic for a

o range of temperatures. There is a shift of 3.5
til volts in the threshold voltage between 250C and

0 0V 125*C and a corresponding degradation in the
Trenich potential (V) subthreshold slope.

4164

Poor Plamarleation

-9 id-
a*s Vanu5 12SCZ 50

311 Ii A I I

016 110 0 3 6 9 12 15

Trench potential (V) Trench potential (V)

FIGURE 6 FIGURE 7

Dependence of the vertical parasitic current Lateral trench parasitic leakage as a
on the gate potential (V 5J function of temperature.

subos)
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Fig.8 sumarises the temperature dependence of

24- the four trench parasitics.

2 The results obtained show that the trench

7Om#/t parasitics will not lead to unacceptable leak-

20 -age currents even at elevated temperatures

16 since in a real circuit formed on p/p+ epitaxy,

the trench will sit at a potential which will

be close to the substrate potential of OV.

14 -To conclude, a CMOS trench process has been

12- leteal pMne developed which has both n+ and p+ diffusions
20MVft abutted directly against the trench sidewall.

10 The twin wells and the trench structure have

4-N/C been optimised so that the trench parasitics do
not lead to problematic leakage currents.

6 _ Sub-micron CMOS transistors have been fabrica-

ted with good electrical performance showingvetclnmos
4- v cl mVos that trench isolation has potential for scaling

2 to O.5rAm dimensions and beyond.
r I I I ,I i I I

0 20 The authors thank the Alvey Directorate for

Tfurveatur ( 90 their financial support.

FIGURE 8

Dependence of the trench potential on
temperature for the four trench parasitics
(vertical current 3nA/m, lateral current
5OnA/trench edge).
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A2.4.6

Electrical evaluation of SWAMI structures

T.Cavioni and F.Gualandris
SGS Microelettronica,Central R&D, Via C.Olivetti 2

20041 Agrate Brianza (MI)-Italy

The SWAMI electrical properties have been studied focusing over the subthresh-

old voltage, junction leakage and latch-up phenomena. The data below reported

have been compared with the equivalent LOCOS processed structures.

1 Introduction 2 Samples Preparation

The SWAMI (Side Wall Masked Isolation) technique All the samples have been processed on < 100 > ori-

has been recently proposed [1],[2],as a suitable isola- ented P-type silicon wafers with a resistivity of 1.7-2.5

tion approach for the new VLSI and ULSI devices, ohm cm . The samples preparation process is con-

It is interesting to remember that the SWAMI struc- formable with the status of the art in the field. In

ture, beside some electrical advantages, presents less the figure 1 is reported a generic process flow and the

than 10% of the field oxide thickness sticking out from specific film thickness of ours samples. It has to be em-

the silicon surface, compared with about 62% of a

standard LOCOS isolation. Due to the special con- swa&±

figuration,i.e. the recessed silicon etch, it is possible aMN oXirt)Oz remo
to expect a larger stress induced by the oxidation in sm

the silicon itself . As already reported [2] it is pos- u.....

sible to obtain the SWAMI structure by either single

silicon etch or double silicon etch. The two silicon aeso"D 8 VC

etch procedure it is recognized to be more complex "o R V%,

from a manufacturing point of view but give better

results in term of leakage current. We evaluated the
feasibility of these SWAMI structures, and the high fig 1 iCOM 0 PAM UM

voltage TEM picture of both single silicon etch and

double silicon etch are below reported. According to p. 1) The generic proces flow i here reported.
other authors [1], we focused our electrical evaluation The first pad ozie and nitride were S0S1ad 11004.
on the double etch structure because recognized to be As reported in the t ztthe silicon etch wa for about

advwt'ageous. 500 A. The CVD,nitride and ozide were respectively
sooo A, o0o[and s0o. 2the second silicon etch, was"

By comparing the TEM pictures it is realizable that f 000 A.
the doubl' JI approach induces a lower degree of

damag9 , :' silicon lattice. The electrical measure-
meats p. ,.-ned on ours isolation structures almost

confirm the 'r-, duced lattice defectivity and exhibit phasized that in order to etch the single crystal silico.a
a goo' isolAti, . properties. we choose a double frequency reactor. The SF - C12
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plasma generated by double frequency,13.5 MHz and
• I100 kHzhlas been found useful in order to minimize

the pattern sensitivity.In other words, the double fre-
quency configuration enhance the uniformity of the
silicon etch. This is not trivial with regard to the
shallow silicon layer to be etch; respectively 500 Aand
1000 A. As mentioned above,we investigated the elec-
trical performances of the double etch SWAMI struc-
ture. This process has been realized using also a dou-
ble Boron implant respectively performed at 40 keV
with a dose of 4- lOt 2ions/cm2 and at 100 keV with a
dose of 4. 1012ions/cm2 . The double Boron implant . ) The HV-TBM picture of Single silco% etch
has been performed with the aim to prevent prevent a SWAMI .It i evident the lattice dsge Ie,w
lateral leakage between the source and drain diffusion i's benk region.

below the polysilicon gate. The CVD oxide as well
as the second pad oxide and the second nitride have
been etched in the same batch hexode reactor using a

CHF3 - 02 plasma in RIE configuration. We used to

this purpose a single step process in order to accom-
plish the theoretical requirement of a zero overetch
in the wall mask generation. The field oxide, 6000
Athick has been grown by steam technique at 920*C
with a 3% HC/. In order to run the subthreshold mea-
surements we patterned on the substrates two micron

length N-channel parasitic transistors. The temper-
ature influence over the junction leakage current has
been studied by measuring the leakage at 250C and
150"C . A comparison between the leakage current Fg. 3) Th HV TZM picture of double Sailo* etc
obtained with a standard LOCOS and SWAMI is also SWAM.A detail of the bird' b4k region i rep .iei

reported. As far as LOCOS measurements are con-

cerned we refer to the same two micron N-channel tice damage also on the double etch process but it was
parasitic transistor processed at the status of the art.

The area and perimeter diodes N+ versus P isolation found at deeper level in the bulk, at about 2 pm, as
show in picture 4. The bird's beak extension can be

and P+ versus N well have been used to check the ajusted by appropriate pad oxide to nitride thickness
bulk damage induced by our structure.
The area diodes were 198400 pm 2 large, the perimeter ratio as in LOCOS technique. The bird's beak as wellas the rough upper surface of the structure show in
o5gmpicture 3 are not representative of what we can find

n the real device. This is expected to be better, be-

3 Results and Discussion cause we do not performed on the TEM samples the
sacrificial reoxidation process instead used on a ordi-

The pictures 2 and 3 show respectively the single il- nary device process.
icon etch and double silicon etch SWAMI structures The figure 5 shows the subthreshold characteristic
as detected by HV-TEM (High Voltage Transmission as measured on our 2pm length parasitic N-channel
Electron Microscopy). It is realizable that picture 3 transistor. We report on the same figure also a sub-
shows a lower degree of lattice damage. We sow a lat- threshold characteristic of a similar parasitic transis-

594



10-s.

06

E

Fig. 4) The HV- TEM pictu~re of double silicon etch
S WA MI. The view over a large region shovs a sort of 10 142

lattice damage in the deep bulk. It As to be empha.
sized tMat we did not perform on the 73)1 amples Vn (volts)
any) therml treatment. f ig 6

Fig. 6) Leakage current as measured on N+-P isla-
tion area and perimeter diodes. Thkese measures have
been performed at 25C. The curve is refers to the
perimeter diode, the curve b to the area one.

b but a obtained on the P+ versus N well diodes are
reported in figure 7. To make a comparison the junc-
tion leakages usually measured on LOCOS structures
axe reported in the following table I. We report the

_leakage value a measured at 7 V and at 13 V.-

0 5 10 18 20 26~wI

Vg (Volts).1 .
f igs

Fig. 5) The subthreshold curves for both SWAMI anda
LOCOS 8 Jim N-channel parasitic transistors. The

curve a refers to LOCOSthe curve b to the SWAMI. 5

a
tor realized using the LOCOS structure instead of

the SWAMI. Based on these measures we can affirm b

that the defectivity induced by the SWAMI a well As
the junction ieakage are satisfactory and close to the -1 0

values measured on LOCOS structures. In order to
evaluated more accurately the induced defectivity we VP (Vol)

run some junction leakage measures using both area fig 7
and perimeter diodes. In figure 8 are report the cur- P.7 ek urn osrda +NWl
rent leakage curves of N+ versus P isolation area, and amg an) Lerkigeterrdoes. as measure s have all
perimeter diodes. The upper curve refers to the areak peffermne at 25C . The curve a refers to the parime.

diode, the other to the perimeter one. Similar plots ter sathe curve b to the arm one.
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SWAMI structure. The last measurements set was de-
TABLE I voted to evaluate the consistency of the latch up phe-

nomena on SWAMI processed samples. The figures 9
*7V 13SV and 10 show the latch up as measured respectively

on SWAMI and LOCOS structures. These measures

AREA DIODES have been performed by injecting current from the

P+ emitter in N well diffused region,by keeping the N
P+/N Wl 1.010-12 A 1.5.10-12 A well at ground and the substrate at - 5 V. The trig-

N+/P isolation 2.0-10 - 13 A 6.0.10-13 A ger current for the latch up was found, at 6.3mA on

SWAMI processed samples and 6.1mA on the LOCOS

processed samples.
PERD4STER DIODIE

P+/N Wel 5.0.10-12 A 1.0.1011 A

N+/P isolation 3.0.10 - 13 A 1.3.10 - 12 A 1.5"10 "

The figure 8 shows the junction leakage measured

at 150C on P+ N well and N+ P isolation area

and perimeter diodes. Also these measures confirm -4.8 - , 0
the good quality and the low defectivity induced by Veb M

In,, W IP 0ifig 9

Fig. 9) Latch.up phenomenia as defected on SWAMI

.10 -10 "4  processed sample.

~#.9 .0 9

0 10 20 1

IV vl)-4.8 0 .8
fig 4 Veb NJ|

A# )Lektmesrs t1WC Tecuvsafig-lO

a nd b r mter to P + -N W ell d o d es re p e ti el y p rim e -
ter and arm. ne curves e and d refer do N+P is*. Fig. 10) Latc-up phenomena as detecte on= LOCOS

" de rip
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4 Conclusions

Based on ours results we can conclude that the double

silicon etch SWAMI structure, is to be considered a

good isolation alternative to the standard LOCOS.

As far as the electrical characteristic are concerned

no significant differences with respect to the LOCOS

have been found.

In spite of the recessed isolation ,the defectivity, at

least its electrical evidence, do not represent at this

time a dramatic constraint. The main advantages

related to this structure have been found by both

the higher degree of planarization achievable after the

field oxide grown, and the significant reduction of the

bird's beak extension. These features obtained by in-

ducing a minimum degree of lattice damage represent

the real advantage of the SWAMI technique.

In other words, the electrical characteristics compa-

rable to those proper of the LOCOS,coupled with the

geometrical advantages, i.e. high planarization level

and short bird's beak extension, make SWAMI a suit-

able process for the new ULSI multilevel devices.
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B2.4.1

Temperature Stability of AuGeNi Ohmic Contacts to GaAs
A. Caflhgari, M. Murkandm, . Baker, Yih-Chang Shih, and D. Lacey

'Thomas J Watson Reearch Center, Yoktown Heights, Now York 10598

To achieve reliable, thermally stable ohmic contacts to n-GaAa, surface preparation and thickness of the
AuGeNi films must be properly chosme. In this work the contact resistance as a function of the alloying
temperature cycle has been studied for different AuGeNi thickness and sputter cleaning conditions. In-situ
X-ray photoemilslon spectroscopy (XPS) analysis of the sputter-cleaned GaAs surface showed that the
Af03 was removed first, leaving a sputter damaged layer of GaAs containing 0.3 -Inm of 0a 2 0 3 . If a thin
As203 layer was left on the surface, the contact resistance was large and non-uniform. At the optimum
sputter cleaning conditions, when 5 nm of i was deposited first followed by 100 nm of AuGe, 30 rn of Ni
and 50/100 un of Au, the contact resistance was low and uniform with lPw0.1 0 - m . Transmission
electron microscope (TEM) analysis showed that a high density of uniform NIAs(Ge) grains at the GaAs

*interface is responsible for the much improved uniformity and thermal stability. Spread in contact resistance
is due to the P - AuGa phase contacting the GaAs.

1. Introduction implant. An ohmic contact lft-off stencil is then defined using

Despite a trend towards developing refratory o i photolithography. At this stage of the process, the GaAs wafer
" ',b ceavd ino cips Thechis ae monte ona RP cathode

contacts which can withstand high temperature anneals, is cleaved into chips. The chips e mounted On

alloyed AuGeNi contact is still tmot reliablea c and loaded into the evaporator. An in-isuecan

ut nneprocess is carried out first in an 02 discharge at low power and
assoiated with this system chnoo n ro ble ms high pressure for a short time to remove hydrocarbons

te sit th e cotath o p roces contaminants and normalize the surface to a fixed oxide layer.thermal stability of the contacts. However, process Am pte laigi ri hncridott atal

improvements [1) have led to an ohmic/GaAs interface which A mild sputter cleaning in Ar is then carried out to partially

does not degrade appreciably after thermal treatment at 400 remove the oxide layer. The AuGe, Ni, and Au metal flms are

'C for several hours. Both surface preparation and film thermally evaporated. After lt-off, the contacts are ailoyed in

deposition processes are of primary importance to achieve low a furnace with continuous flow of Ar/H1 . At this stage the

contact resistance with good thermal stability. TLMs are ready for automated test.

In this work, the effect on contact resistance of different

surface preparations and film thicknewes will be described. It 3. Surface preparation

will be shown that a rather narrow process window in terms of Analysis of the GaAs surface during Ar sputtering has been

*4surface preparation and fim thicknesses lead to a low and done [2]. In-situ eflipsometry to determine oxide thickness and

uniform contact resistance with good thermal stability. An X-ray photoelectron spectroscopy to determine the sputtered

in-itu sputter cleaning of the GaAs4urfage and the deposition species reveal that first A 2O is removed, leaving a sputter

of a first layer of Ni gave bet results. The strong correlation damaged layer of GaAs containing 0.3 - Inm of Ga0 3 . At

between theme contacts and the interfacial microstructure will short sputtering times, the contact resistance as a function of

be discussed, the alloying temperature cycle was measured [3]. Contact

resistances showed poor uniformity and thermal stability with

2. ExperImentai l =0.65 0 - mm. These poor results appear to be due to a thin

To check the feasibility of a AuGeNli process, transmission layer of As20 still left on the surface. At longer sputtering

line test (TLM) test structures are formed on the GaAs wafers, times, when a thin layer of Gaf0 3 was left on the surface

Typcal process tep are outlined below [11. Conducting contact resistances were low and uniform (Figure Ia).

chanels arm formed by Implanting, through a photoresist,

ste, SIP + Ions at a done of 1.3 x 100/cn2 at 10 K@Y After 4. Film deposition
rt" stri the wafers am caless annealed in an arsine Since the surfac can be controlled very well by sputter

atmosphere at 30D C for several minutes to "vats the leaning [131, different process can be tried where the rilm
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.. .. . . .. Channel raslativities are on the order of 220 0/13. In thento Ia moi . ly experiments about 20 TLMs are tested.

The N1AAsG./GaAs interface was previously suggete to

I be essential for low contact resistance by Kuan ot al. [S). Our
&0.t present results also support this conclusion: the
me NIAs(Ge)/GaAs interface is important to lower the contact

Ul resistance. However, the Go.-As ratio in the NiAs(Ge) grains is

am , Inot one to one. These compounds satisfy the condition that the

410 SW 6W 70 Ge atoms diffuse Into the Ga vacancy sites forming a heavily

doped n4' layer at the metal/GaAs interface. The Fermi level in
to is ~M 'wes 1"WS the GaAs moves into the conduction band and electron

transport across the interface ai mainly by tunnelling through a
E ~thinner borrier height.

E

UG

Ue

400 S0 MW 70
Aklag Tomp. c)

Figure I

Contact resistance vs alloying temperature, a) Ni as
first layr, b) no 1%as first layer.

thicknesses are changed. A frsnt layer of Nif of about 5 nut [1)

beoi the AuG. deposition, that at the beginning was thought .7.

to improve adhesion, was found to be a crucial step to obtain
uniform and low contact resistance 121. Shh at al. [41 found that isd ao

AuGeNI and GaAs, which results in a large difference in the

interface morphologies between spcmn ihadwithout

the Mi first layer. These interface morphologies are strongly Fgr

correlated with the electrical poetsofhecontacts. The Bright-film image of croam sectional view of a sample
with Ni as rust layer after annealing at 440 0C for 2 an.deposition of NI as the first layer leads to an alloyed contact The diarm below indicates the phases observed in the

forned by a two layer structure. The first layer contacting the image area.

GaAs cosist of a high density of the NIMOS(egrains and the

secon layer Is a holuogeneous layer with larg u'ins ofth A much different interface morphology is obtained when
P-AuGa. phase. A TEM picture of this structure is shown in no NI Is deposited first. In this case (Figure lb). the NiW(Ge)

Figure 2. groins formed at the Interface protrd into the GaAs
7he contact resistance as a function of alloing temerature subsftte, rather than forming a uniform two-layers structure.

for this sample is shown in Figure Ia. Thes contact resistance is Contact resistance Is low but It has a large spread due to the
low and uniform In the temperature range of 420-550 *C. For fect that larg areas of the GaAs interface are contacting the

eaeIs., at an alloying temperature of 420 'C. this samnple P-AuG. phase, which is a rectifying contact (Figure 3).
Acmo RftO.t 191 - mm with a total spread 8 -A .00 - mm.
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____________ t was found that that the deterioration of the contacts is

__________________________not an increasing monotonic function with thme [I]. To

correlate thea electrical properties to the film microstructure,

the samples annealed at 410 0C after contact formation at 440I-C were Investigated wuing TEM. In lFigure 4 segregation of the
NMAGe) grains is observed after annealing at 400 0 C for 10 hn,
which reduces the contact areas between the Nl"a(e) grams.

and GaAs. A very non - uniform layer was observed after 90

hours annealing (Figure 5). This deterioration is ikely due to

Ga A(Gs

Figre 3

Bright-field image of a sample with no Ni as first layer F~m 4
annealed at 440 OC for 2 en at two locations, a) near a
contact edge and b) at middl of a contact. In thne diam~ I irgaho h nefc tutr fe
below, the images indicates the phases observed an th annealing at 400 5 C for 10 hours.
image area.

This type of ohmic contact has been modelled by N. Braslau

(61. Conduction is through a parallel array of germanium-rich

protrusions of negligible contact resistance. Contact resistance

is dominated by the spreading resistance in the semiconductor

in series with them. For doping levels found in active devices,

resistivity and thus inversely on doping dominates, consistent ~
with the obsrved doping dependence. This widely accepted{ oe frte ul~ cnats oevr ano est~ty iueapplied to the contacts descid above, where the spacing TEM microgrmph of the interface structure after
betweeni the probvelns his been considerably reduced and the annealing at 400 *C for 90 hours.

NL4&(Oe)/GaMs interface improved.

5. Theruuu utbfflty the existence of the P - AuGa phases, with a low meltin Point

Figure la shoas that after alloying at 700 -C, wel abv around 375 OC, which derades contact resitance. ffigher

the eutectic temlperature of the AuGe. the contacts we dil ~ atrssacswt ortemlsaiiywr on
ohmi butof por qslit. mi ~ ~when NI or Au rich films were deposited onto the sputter

contacts might show good thermal stablity at 400 *C or higher

timamr. Wila the contacts were annealed at 410 OC for

37 Imass. a contact resistance R.S 0. i 0-mmu was obtained
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The thermal stability of the non-alloyed GaAs/Pd/Ge ohmic contact to n-GaAs, based on
the solid phase epitaxy of Ge on GaAs through PdGe, was investigated at 3006C.
Annealings up to 200 hours induced an increase of the contact resistivity from the
starting average value of 0.16 Ohm-mm up to 0.30 Ohm-mm. Even though no structural
modification was detected by MeV Rutherford Backscattering Spectrometry measurements
and Scanning Electron Microscopy observations, cross sectional Transmission Electron
Microscopy analyses detected some changes at the PdGe/Ge interface in the long term
annealed samples which could induce the formation of a resistive layer between Ge and
PdGe.

I. INTRODUCTION ohmic contacts, in order to test their possi-

Ohmic contacts to n-GaAs are usually a- ble application as source and drain contacts

chieved by alloying a AuGeNi multilayer in a re in power MESFET's. Actually in such devices

ducing atmosphere at high temperatures for the temperature increase during operating life

short time (e.g., 4500C 1 min) [1]. The complex raises severe reliability problems concerning

alloying process involves the formation of a the stability of the metallization electrical

liquid phase between Au and Ge, with an eutec- properties; their degradation gives rise to a

tic temperature of 356oC. A non-planar metal/ decrease in the performances of the device and
GaAs interface morphology can result, as well eventually to catastrophic failure [3].

as a poor edge definition. These morphological

problems, which can be important in shallow 2. EXPERIMENTAL

T junction devices or in high definition planar 2.1. Sample preparation

structures, can be bypassed by using a non-al- Semiinsulating <100> GaAs substrates with a

loying process ensuring a planar interfacesuch n-doped (n'lO1 7  cm 3 ) active layer 0.3 4m

as the solid phase epitaxy of Ge through PdGe thick were chemically cleaned with TCE,acetone

on GaAs, as shown by Lau and coworkers [2]. A and isopropyl alcohol, rinsed in HCl:H 0 1:1

usual lift-off process is needed of the achie- solution and eventually in deionized water,

vement of such a metallization, which gives prior loading in an oil-free vacuum system. A

contact resistivity values as low as 106 base pressure of 2x108 Torr was reached be-

Ohm-cm2 on n-GaAs, n-40 1 8 cm - 3
. fore evaporating 50 nm Pd and 130 nm Ge in the

The purpose of this work is to investigate GaAs/Pd/Ge configuration. Two different evapo-

the thermal stability of these PdGe/Ge/GaAs ration runs were performed in order to test
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the repeatibility of the' experimental results '

on different sets of samples. All samples were 4 T 4 7I P"l
annealed at 325

0 C for 30 min in a flowing for- so 3I
ming gas furnace (15% H2 , 85% N2 ) to achieve 3
the Ge solid phase epitaxy as shown in Section Pd

a. P

3.1. Accelerated aging of the samples was ob-

tained by subsequent annealings at 3000C up to 1

200 hours in the same furnace.
0 "

2.2. Electrical and microstructural meas- 350 400 4" W
urements CHANNEL NUMBER

After the metal deposition, two different

sample structures were prepared by using a Fig. 1 Rutherford Backscattering spectra of
3 NeV He ions at a 1700 scattering

conventional lift-off technique in order to angle for a GaAs/Pd (50 im)/Ge (130

perform Transmission Line Model (TLN) (4 Imeas- nm) sample before and after annealing
at 3250C for 30 min.

urements of the contact resistivity pt and of

the average channel resistance; in the two test GaAs substrate appears dotted, due to arti-

patterns the pad separation ranged from 2 to 42 facts induced by the ion milling thinning of

irm and from 5 to 25 Pm, respectively, and the the sample for the TEN analysis. A 20 nm thick

pad width was 200 and 50 jim, respectively. The layer is present between PdGe and GaAs; by cor

pad separations and widths were measured for parison to the RBS spectrum reported in Fig.l,

each sample by using a calibrated optical micro this layer has to be attributed to Ge, epita-

scope. xially grown on GaAs as reported by Marshall

Measurement of o on patterned samples and 3 et al. [2]. The Ge layer ii not uniform in

MeV He+ Rutherford Backscattering Spectrome- thickness, but it shows no extended defect

try (RBS) analyses of samples with extended such as stacking faults, previously observed

metallization were performed after each thermal in similar structures by Sawada et al. [ 5].

treatment. Cross-sectionai Transmission Elec- The Ge/GaAs heterointerface is planar and ab-

tron Microscopy (TEN) and surface Scanning Elec rupt to within about 50 A, while several well-

tron Microscopy (SEM) observations were perfor- shaped micrograins appear at the PdGe/Ge inter

med only on selected samples. face, which cannot be attributed for sure to

Ge nor to PdGe. SEN observations of the con-

3. RESULTS AND DISCUSSION tact surface after the 3256C 30 min annealing

3.1. Contact formation revealed a smooth and featureless morphology,

The interfacial structure of the metal/GaAs with an excellent edge definition.

contact has been investigated by RBS and TEN. Therefore, the 3250 C 30 min annealing in-

The RBS spectra of an as deposited and a 3250 C duces the whole consumption of free Pd in PdGe.

30 sin annealed GaAs/Pd/Ge sample are shown in The residual Ge, not involved in the compound

Fig. 1. In the annealed sample, Pd reacted with formation, is transported through Ge and grows

Ge resulting finally in the stoichiometric PdGe epitaxially on the GaAs substrate, as depicted

layer at the sample surface, as indicated by on the top of Fig. 1, due to the lower free

the relative heights of the Pd and Ge signal in energy of the crystalline Ge in comparison

the RBS spectrum. In the TEN micrograph of the with the amorphous.

annealed sample reported in Fig. 2a, the 160 rm The contact resistivity of the 3259C 30 sin

thick PdGe layer shows a columnar structure, annealed patterned samples, measured by the

with grains grown perpendicularly to the sur- TLM method, gave an average value Pt= 0.16

face. At the bottom of the same figure, the Ohm-mm with a data spread of 0.04 Ohm-mm over
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of samples. These annealings induced a fast

increase of the contact resistivity during the
first 50 hours, followed by a slow increase up

to a value of about 0.30 Ohm-am after 200

hours, as shown in Fig. 3. No increase of the

0.4

*0.2

0.1

0.0
As0 100 200
pnpwMd annealng tine (hours)

Fig. 3 Contact resistivity as a function of
annealing time at 3000 C, for samples
previously annealed at 3250C for 30
min. Different symbols correspond to
different sets of samples.

data spread has been observed after the long

term treatments, even though different pat-

terned structures, prepared in different exper

imental runs, were used. At the same time, no

systematic increase of the channel resistance

was observed in the 3000 C annealed samples.

Fig. 2 Transmission electron micrograph of a RBS measurements and SEM observations on the

cross-sectional view of a GaAsAPd/Ge sample long term annealed samples detected no notices
a) annealed at 325*C for 30 min;
b) annealed at 325*C for 30 sin and sub- ble variations after the prolonged thermal

sequently at 3000C for 188 hours. treatments in comparison with the as prepared

25 different samples. Such a low contact re- (3250C 30 sin) samples. No major reaction de-

sistivity is probably induced by the formation veloped during the 3000C treatments involving

of a thin n+-GaAs layer at the GaAs/Ge inter- either GaAs, Ge or PdGe.

face, due to Ge diffusion in GaAs, as suggested TEM micrographs of an as prepared sample

b." Marshall et al. (6 1. Thus a dominant tun- and of a sample heated at 3000 C for 188 hours

neling conduction mechanism results at the are reported in Fig. 2 , showing once more

GaAs/Ge interface, with no spiking effect in that no large modification affected the PdGe

the current transport ensured by the homogene- layer nor the GaAs/Ge interface. However, an

ity of such interface over the contact area. appreciable modification of the PdGe/Ge inter-

3.2. Contact stability face appears involving the number, shape, and

The thermal stability of the GaAs/Ge/PdGe probably also atomic density of the micro-

ohmic contact was investigated by subsequent grains,with respect to the as prepared sample.

thermal treatments at 3000 C on different sets The thickness of the Ge is moreover slightly
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reduced as shown in Fig. 2b. REFERENCES

The correlation between the PdGe/Ge inter- [1] C.J. Palmstr* and D.V. Morgan, in: Gal-

face modifications and the slight Ge thickness lium Arsenide, eds N.J. Howard and D.V.

reduction, and the increase of the contact Morgan (J. Wiley, N.Y., 1985) ch. 6.

resistivity, is not straighforward. However, (2) E.D. Marshall, W.X. Chen, C.S. Wu, S.S.

the formation of a resistive layer between PdGe Lau and T.F. Knech, Appl. Phys. Lett. 47

and Ge, and/or a local modification of the band [3] C 98.strutur du to he arrwin of he e lyer [3] C. Canali, F. Castaldo and E. Zanoni, Mi-
structure due to the narrowing of the Ge layer croelectron. Reliab. 24 (1984) 947.

may be the likely origins of the pt increase.

Work is in progress in order to determine the (4] H.H. Berger, Solid State Electron. 15
crystalline structures and compositions of the
micrograins at the PdGe interface. [5) T. Sawada, W.X. Chen, E.D. Marshall, K.L.

Kavanagh, T.F. Knech, C.S. Pain and S.S.

Lau, Mat. Res. Soc. Symp. Proc. 54 (1986)

4. CONCLUSIONS 409.

GaAs/Pd/Ge metallization structure gives low [6] E.D. Marshall, B. Zhang, L.C. Wang, P.F.

resistivity non-alloyed ohmic contacts, based Jiao, W.X. Chen, T. Sawada, S.S. Lau, K.L.
Kavanagh and T.F. Knech, submitted to J.

on the epitaxial growth of a Ge layer between Appl. Phys.

GaAs and PdGe induced by a thermal treatment

at 3250C for 30 min. A planar metal/GaAs inter-

face is preserved after the solid phase epitaxy

process, as well as a good edge definition,

which make this contact useful for shallow

junction and small size device applications.

A very low data spread was also observed in

different experimental runs, confirming the

easy reproducibility and uniformity of such a

low resistivity contact across a wafer. Upon

3000C annealings, the contact resistivity in-

creased from a starting value of 0.16 Ohm-mm

up to 0.30 Ohm-mm after 200 hours with no in-

crease in the data spread. The resistivity in-

crease can be correlated to microstructural

modifications at the PdGe/Ge interface.
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GaAs-DEVICE LIFE-TIME IMPROVEMENTS BY NEW RESULTS ON METAL-ELECTRODE FABRICATION

R.P. Gupta , H.L. Hartnagel, K.-H. Kretschmer, R. SchUtz, J. WUrfl

Institut fUr Hochfrequenztechnlk, Technlsche Hochschule Darmstadt
MerckstraBe 25, 61oo Darmstadt, West Germany
+ on leave from Central Electronics Engineering Research Institute
Pilani (Rajasthan) 333o31, India

The development of an Au-WSi -Ge ohmic contact on GaAs for highly stable devices is
reported. Coplanar interelecirode material migration is minimized by a technology
leading to oxygen-poor GaAs surfaces.

The life-times of GaAs devices, such as FETs better than 5 . 10"5 Qcm2 for nGaAs with n =

and led's, depend strongly on the stability of 1016 cm"3, Si doped), and based on XPS studies
their metal electrodes, i.e. Schottky-, ohmic involving Ar+ ion etching (Fig. 3 + 4), we
and heat sinking contacts. Two important established that up to values higher than 4600C
effects have been considered in detail here, no modification of the contact resistance or

namely the compositional profile could be observed,

i. the long-term interdiffusive effects of even after prolonged thermal stressing for more

metal sandwiches and than 200 hours. The W profile of the XPS data
remains stable with respect to the WSi2-Ge in-

ii. the electric-field stability of electrode terface up to temperatures of 5100 C.

edges concerning in particular metal

migration between closely spaced neighbour- Au (4Oam)

ing electrodes. WSi2 100nm)

Regarding the first case, it is well known that G (lOnm)
certain metals such as Au or Ni must not inter-
act with GaAs since an exchange process involv- bulk GQAs

ing particularly Ga causes a slow deterioration
of the contact quality. Therefore, a diffusion FIGURE 1
barrier based on WSi2 was selected by us after Structure of the metallization used

careful evaluation of the available experi-

mental data and various contact sandwiches in- ImA
S.-W% - As , I

volving this barrier were fabricated. In part- .. AIlS1 1 1
7/IM3)U1

icular, a highly stable ohmic contact was made A.3.°'4cm?

using

(i) e-beam evaporated 100 nm Ge (as dopant . . 2 3 rel)
after annealing at above 5000 C); I -- - - emledSS$'c

(ii) 100 nm WSi 2 sputter deposited and 45 ffi 20.

(iii) a layer of Au (Fig 1). 9 -1

The ohmic behaviour is demonstrated by Fig. 2.

Using transmission line and sidewall resistor FIGURE 2

methods, (giving both specific resistances I/V characteristic of two circular patterns
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the various thin-film depositions.

XPS studies have shown that the onset of
• kb -material migration is directly proportional to

A if the amount of As203 on the GaAs surface (Fig.5).

.o2p&.. The best results were achieved with an ammonia
......................... treatment of the GaAs surface, whose composit-

ional development is given by Fig. 6. Fig. 7

shows a scanning-electron micrograph of an in-
terelectrode short circuiting bridge. Fig. 8
illustrates the areas of interest. This MeSFET-

i Settertilmim.I type structure consists of two metal contacts

Figure 3 on GaAs. The positively biased ohmic contact at

XPS-sputter profile of a sample annealed at the left side of the Figures is a AuGeNi-alloy,
460 C for 1 hour the Schottky contact at the right side consists

of Al.
IN

* .- -p / s0 320 *
le #AZ2sn IS1O-tii

....... &5 ik0

.S 30 - 160-

-- N - W U

,.......
.._ ..... ., ,,, .ch.d".s

1$ I klIl

Itched Wel atclid.. 6L

XPSmtioA& 2p2 (onidO:AS 213/2 (WAs)
i Figure 4

XPS-sputter profile of a sample annealed at
6100 C for 1 hour

Figure 5

TssThreshold voltage for material migration versus~~~~This work shows that it is possible to pro- XSrtoA oie s(as
XPS-ratio As (oxide) As (GaAs)

duce reliable contacts on GaAs operating even AaZNan k~pl @1. 6.34 6.34

at elevated temperatures in contrast to common-I '-"" ' -4b..hkI

ly employed ohmic contacts of AuGeNi and

others.

Regarding the effect (ii), interelectrode

material transport in unpassivated and in

PECVD-St3N4-Passivated GaAs planar structures '
was studied. Metal migration between the elec-

trodes due to the application of an electric

field was found to depend strongly in both nII.,,) tl.. II v? ,.., l*tc ",N,,. IV-

cases on the GaAs surface condition prior to 
I leis.. (1 6l.

structure deposition. Alkaline etchants are Figure 6

found to be superior to acidic ones to termi- XPS-spectra of (100)-GaAs surfaces treated byNH40H (25 %) : H202 (30 %) :H20 with the ratio
nate the treatment of the GaAs surface before 2 : 1 ; 300
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:I
A passivation layer does not prevent mirgra-

tion entirely. Fig. 9 shows an electrode gap

consisting of two AuGeNi contacts passivated by

Si3N4. Migration took place from the positively

• I to the negatively biased electrode. It seems

that the locality of migration is the interface

between the GaAs surface and the Si N -ayer.

This point seems to be confirmed by other ob-

servations.

We obtained satisfactory Si3N4-GaAs inter-
faces if we applied an ammonia plasma-treatment

before Si3N4 deposition to the (iaAs surface.

Figure 7 This treatment was performed in the same react-

SEM micrograph of interelectrode short-circuit- or and with the same conditions as for Si3N4
ing bridge plasma deposition, but the silane input simply

switched off.

It is thus possible to select an optimized

technology to reduce material instabilities due

Dropletsdue to electric fields between closely spaced
to material
accumamation el ectrodes.Area of

materialdepletion

smal miglration
smo~l Lin

initioliens 
tie

of migfation

grain Gte- Recess Sate
(A elli) Edge (AL)

Figure 8

Illustration of interelectrode short-circuiting
bridge according Fig. 7

Fig. 9

SEM micrograph of interelectrode short-cicuit-
ing bridge of PECVD-Si3N4 passivated device.
Angle of tilt is 750
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B2.4.4

EFFECTS OF HIGH CURRENT AND TEMPERATURE IN POWER NESFET METALLIZATIONS

Claudio CANALI (:), Fabie CHIUSSI (::), Leonardo UMENA (::), Massimo VANZI (::),
Enrico ZANONI (:::)

(:) Dipartimento di Elettronica ed Informatica, Universita' di Padova, Via

Gradenigo 6/A, 35131 Padova (Italy)
(::) Telettra S.p.A., Reliability and Quality Department, Via Trento 30, 20059
Vimercate (MI) (Italy)
(:::) Dipartimento di Elettrotecnica ed Elettronica, Universita' di Bari, Via Re

David 200, 70125 Bari.

Effects of high current density and temperature closely combine to degrade power
MESFETs during their operating life in radio-link systems. To understand failure
mechanisms and distinguish between those accelerated by high current and/or by

temperature, we have performed various dc tests and measured thermal resistance

and thermal maps of tested devices.

1. INTRODUCTION

The reliability of microwave communication combined.
systems markedly depends on the long term To this end, different dc tests were run,

stability of GaAs power MESFET's. Degradation including:

of these devices has been observed both in
field applications and after rf or dc i) High Forward Gate Current (HFGC) test at

accelerated tests. T ca = 200 OC and j = 5 105 A/cm2 through the
In real applications, burn-out is the section at the beginning of each gate finger

dominant failure mode; however, owing to its which was forward biased. Temperature increase

catastrophic nature, the phenomenon has not of the device due to power dissipation during

been clearly understood. Rf accelerated tests this test was very limited ( 3 OC), so that Tch
are closer to real operating conditions of = T = 200 *C. This test enabled us to
devices, but do not enable the effects of evidentiate electromigration effects in gate

different acceleration factors and in fingers.

particular of high current density and high

temperature to be evidentiated. ii) High Temperature Storage (HTS) test at
In the framework of a large program aiming Tcase=2 50 OC without bias, in order to

at evaluating the reliability of commercially evidentiate failure mechanisms accelerated by

available power MESFET's of different temperature only.
technologies and suppliers, we ran various dc

accelerated tests over 10000 hours and measured iii) DC Operating Life (DCOL) tests at
thermal resistance and thermal maps of tested different channel temperatures up to 250 *C. In

devices. Part of the results obtained were these tests devices were biased at the

previously reported (1,2). Here the attention operating point, so that the increase of
is focused on the results of dc accelerated temperature due to the dissipated power was

tests which enabled us to distinguish between significant, and, as a consequence, high

failure mechanisms accelerated by high current current and high temperature were combined as

density or by high temperature and to accelerating factors. In order to understand
understand degradation effects observed when the results of these tests, thermal resistance

these two accelerating factors are closely and thermal maps of devices were measured.
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2. FAILURE MECHANISMS INDUCED BY HIGH CURRENT

DENSITY 0--__

2.1 Electromigration of Al-gate fingers 6' Oe-0.97 0.01 eVHFGC

A gate current density of 5 105 A/cm
2  13 T-5100 A/C

2

caused electromigration in Al-gated devices -4 h.200 C

even after only 1000 hours of HFGC test. As At/GeAs-n

shown in Fig. 1, the Al finger interruption can
be clearly observed with both secondary J *, 05v

electron SEX (Fig. is) and 10

electron-beam-induced current (EBIC) techniques ±0
(Fig. lb). Most interruptions occur at the1 UNTREATED

beginning of the fingers, where the current 1*$

density is higher (1) and the metallization 0 - AFTER 24 HOURS

could be thinner owing to the mesa step. From -. .

the electrical point of view this phenomenon 2.0 2.2 2A 2. 2.8 30 3.2 34

prevents pinch-off being achieved and increases 1000/T (K-I)

the gate series resistance.
Fig. 2 Activation energy plot for the
measurement of barrier height of Al-gate

MESFETs before and after 24 h of HFGC test.

2.3 Ohmic contact electromigration

High j through ohmic metallizations

induces Au electromigration at the drain

contacts, Fig. 3. The SEM images of Fig. 3b
and c) refer to drain contacts of the device
after 5000 hrs. of DCOL test with Tch = 200 oC

and j = 5.3 105 A/cm2 across drain finger.
Gold removal at the end and accumulation at the
beginning of the drain finger are evident, in

agreement with electron wind.
r- ALLOYED

CONTACTS

F
THICKENED 

// 
/ 

/ ,/ / ]

Fig. 1 a) SEM image of Al-gate finger breakage N LD E

due to electromigration, after 1000 h of HFGC -)

test; b) EBIC image of same finger.

2.2 Al/GaAs interaction with increase of

barrier height

Al-gate/GaAs interaction .was observed

during HFGC tests and causes an increase of the

barrier height from 0.80 +/- 0.05 eV to 0.97

- 0.01 eV even after only 24 hours, Fig. 2.

This effect does not occur in pure thermal
tests (1) and appears to be due to the

formation of an AlxGal-xAs at the interface. Fig. 3 a) Schematic diagram of electron wind

The growth of this layer is markedly enhanced along drain finger; b), c) SEM images of a

by high current density through the junction, drain contact on a device that endured 5000 h

5.4 103 A/cm2  for the HFGC tested sample of of life testing at Tch = 200 oC and J = 5.3 105

Fig. 2. A/cm
2
.
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I,.

average values of temperature on arbitrarily

3. FAILURE MECHANISMS INDUCED BY THERMAL STRESS defined areas of the chip.
Results were compared with Ta. values

In devices with gate metallization based obtained by Rth measured with the V method.

on Au (Ti/Au, Ti/W/Au, Ti/Pd/Au , Ti/Pt/Au, The main features are:

etc.), major reliability problems arise owing

to Au intrdiffusion through barrier layers. a) In devices with extremely low values of Rth,
This process is mainly thermally activated and few 

0
C/W, and with excellent thermal

leads to a gate metallization "sinking" into uniformity, the average temperatures of the

the underlying GaAs, causing a reduction of mesa and of the gate areas differ only by few

effective channel height, with a consequent OC and are approximately equal to Tch.

increase of the open channel resistance Ro and
a decrease of Idss and of pinch-off voltage Vp. b) In some devices which show higher values of
We observed this failure mechanism in all Rth, marked differences appear between the

devices stressed in HTS test (2). average temperature of chip, mesa and gate

areas, and strong local thermal gradients along

4. ANALYSIS OF THERMAL INHOMOGENEITIES the gate finger as reported in Table I.

Furthermore, in these devices T ch(AV gs) is

DC Operating Life test as well as rf tests higher than the average temperature of mesa and

and in-field operating conditions do not allow gates area and approaches the maximum values

an easy understanding of degradation induced by obtained along the gate fingers.

current density or by temperature alone. In

fact, when the device is biased in the above

mentioned conditions, thermal gradients may TABLE I

arise, due to local differences in the heat

dissipation. Rth (measured by AV method) = 49.2 *C/W
th gs

Local inhomogeneities, both thermal and Dissipated power Pd = 980 mW

structural, strongly affect the hardness of T = 31.7 
0
C Four gates device

devices against either electromigration and T = T + R P = 79.9 OC

interdiffusion and are of dramatic importance ch case th d

in GaAs MESFET's owing to their small ZONE T (OC) T (0c)

geometries. In fact, in devices which failed in average max

DCOL tests, not only is degradation faster, CHIP 45.9

but also failure sites are differently- ---------------------------------------

distributed. MESA 48.6

The evaluation of the channel temperature-----------------------------

Tch, including the effect of power dissipation GATES 1-2 65.5

is usually performed by means of thermal GATES 3-4 62.6

resistance measurements employing AV method --------------
8s

(3). However, owing to the modular structure of GATE 1 73.2 81.4

the devices and the possible presence of GATE 2 76.6 85.6

defects, the junction temperature across the GATE 3 73.7 80.4

chip active area is inherently non-uniform. As GATE 4 73.3 81.0

4 a consequence, it is not clear whether the Tch- -------------------------------------

values obtained by means of the Rth method4
refer to the average temperature on the mesa

area or on the gates area, or include the

possible presence of hot spots along the gate Figs. 4 and 5 report the temperature profiles

fingers, measured by means of IR microscope

Thermal behaviour of biased devices was perpendicularly and across gate finger in one

then analyzed by means of a high resolution IR of these devices. Temperature profiles taken

microscope, Barnes CompuTherm, which allows a along gate width show that the hottest area is

temperature sensitivity better than 0.5 OC, a located at the beginning of gate finger, where
spatial resolution = 151jm and the automatic the current density and the power dissipation :

correction of surface emissivity; the is higher. This explains why electromigration

microscope provides digital maps (128x128 and Al-gate interruption normally occurs at

pixels) and line profiles, and calculates this site.
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enhanced in the central area of the gate, as

shown in Fig. 6 for a Ti/Au gated NESFET after
4000 hrs. of DCLT at Tch = 200 OC. The three

s0 magnified SEX micrographs of the rear side of

the gate contact, after the removal of GaAs,

70 Jreported in Fig. 6b, clearly show that the
CK strongest interaction occurred in the central

i o 1zone of gate finger.
60

S50 i H
ILl

30
x X

AINS

xX. Fig. 6 SEM micrograph of gate finger of a

HESFET after 4000 h DCOL test at Tch=
20 0 

OC. a)

Rear side. b) Magnified zones.
S1 2 3 4

\/-GATE8 V 5. CONCLUSIONS

Fig. 4 Temperature profile measured Degradation mechanisms induced by high

* perpendicularly to the gate fingers. current density (electromigration in Al-gate
fingers, Al/GaAs interaction with a consequent

90 Increase in barrier height, Au drain
electromigration) and by temperature only (Au

80 metal gate/GaAs interdiffusion) were identified
-/ ~ by means of dc accelerated teats.

70 / In real applications both accelerating factors,
LU / T and j, are combined, and local thermal

I 60 inhomogeneities markedly influence the device
60 failure mechanisms.

n, High resolution IR microscopy enables to

I 50 understand degradation phenomena and to verify

I that in devices with high Rth values theLUJt

40 ihcalculated Tch( Vgs )  value approaches the
highest temperature measured along gate width.

30 L., GATE 2
MESA A GATE W V ork partially supported by CNR, P.F. MADESS

WIDTH (w)I REFERENCES

* GATE LENGTH-WIDTH RATIO NOT IN SCALE (1) C.Canali, F.Fantini, A.Scorzoni, L.Umena,

Fig. 5 Temperature profile measured along a E.Zanoni, IEEE Trans. on Electron Devices,

gate finger. Vol.ED-34 (2), p.205 (1987).

In some devices, and in particular when the (2) C.Canali, F.Castaldo, F.Fantini, D.Ogliari,

high values of Rth arise from non-uniform die L.Umena, E.Zanoni, IEEE El. Dev. Letters, Vol.

attach and/or chip thickness, the highest EDL-7(3), p. 185 (1986).

temperature values can be found even in the

central zone of the gate. In this case, (3) H. Fukui, IEEE Int. Electron Device Meeting
consequently, metal/GaAs interaction results 1980, p. 118.
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FAILURE MECHANISMS STUDY OF A STANDARD GaAs IC TECHNOLOGY

G. KERVARREC, 3.M. DUMAS, 3.Y. BOULAIRE and J.F. BRESSE

Centre National d'Etudes des Tilcommunications - BP 40 - 22301 LANNION - FRANCE
*Centre National d'Etudes des Til~communications - 196, Av. Henri Ravera - 92220 BAGNEUX -
FRANCE

After more than ten years of research and development in many laboratories, GaAs logic inte-
grated circuits are becoming available for high speed logic applications. Reliability is one of
the requirements 'needed for their introduction in systems and this is the purpose of this contri-
bution.

1. INTRODUCTION 2. FAILURE MECHANISMS STUDY

In order to find the degradation mechanisms The degradations can be separated into two

and establish the reliability of such devices, types

we have carried-out life tests on drop-in chips (a) Some FETs presented, at the origin,

processed on the same wafers as high frequency high gate-to-drain and/or gate-to-source leakage

dividers. (The basic logic gate configuration currents and they have not been driven in life-

is the Buffered FET logic (BFL)). tests.

A drop-in chip contains various test-patterns (b) The others FETs (with no leakage) have

(FETs, diodes, site-gate pattern, isolation and been aged. Short circuits, mainly between gate

metallisation patterns, etc...) developped for and drain, occured under biased life-tests,

the process control and also to study the para- indicating the degradation is elecric-field induced.

sitic effects. Aged and not-aged devices have been then

100 chips issued from three wafers have been analyzed and the following results can be repor-

mounted in dual-in-line ceramic packages (DIL ted .

24), the pattern bond pads being connected to I - Leakages and shorts were due to conductive

the pins. Such packaging allowed us to conduct paths (maximum width = 0.5 pm) developping bet-

biased life tests appropriate to each test-pattern. ween the gate and ohmics contacts, at the

A set of thirty-five DC parameters was measured GaAs surface, in the access regions.

on the drop-in chips over the whole aging expe- 2 - These paths, which are invisible using

riment with an automatic test equipement. the classical SEM observation and the associated

No major degradation has been observed on EBIC mode, have been identified using Scanning

the metallisation patterns, ohmic contacts and Optical Microscopy (SOM) [1] and the associated

Schottky gate. This means that the improvements Optical Beam Induced Current mode (OBIC).

made on the metallurgy of GaAs discrete devices Such investigation is non-destructive for GaAs.

have been successfully transferred to the GaAs Moreover, as the optical absorption in a semicon-

IC technology. The isolation provided by the ductor is related to the wavelength (X), the paths

5000 A thick PECVD S13N4 layer between the two have been located at a maximum depth of

TiPtAu metallisation levels, did not change 5 500 A into GaAs by using X 4z42 nm (HeCd "1

during aging. A slight increase has been measured laser), (see Fig. 1). . 1

on the side-gating threshold voltage. 3 - High resolution Auger analysis [21 (spot

However degradations have been identified size z 1000 - 2000 A) have been then conducted

and investigated on the FETs. (see Fig. 2) after "in-situ" etching of the Si3N4
layers. Spectrum (1) has been taken at the GaAs-
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RF sputtered Si3 N4 interface, (this Si3 N4 layer was

used as implantation cap and selectively open

for the gate recess), far from the active area : it

shows high amounts of oxygen and arsenic. These

amounts strongly increase when the analysis

is driven on a "path" existing on FETs at the

origin, i.e. before aging (spectrum (2a)). After

aging, the signature of gold (69 eV) is also found.

4 - Presence of oxygen, at the GaAs-RF

sputtered SI3 N4 interface, has been confirmed

using Secondary Ion Mass Spectrometry (SIMS),

(Fig. 3). Sulfur (S) is also clearly detected at

the same interface. Regarding the results of physical

analysis, the following mechanisms could be

involved : (i) at the origin : the path can be

created by the gradual release of As due to

a GaAs oxidation mechanism during processing:

As2 0 3 + 2GaAs - Ga 2 0 3 + 4 As [3]

and the conduction made through a thin layer
FIGURE I of elemental metallic As, [4), (ii) during aging : an

SOM views of a "path" between gate and drain e
(a) reflected mode ; (b) OBIC mode. electric-field induced migration of electrode

material (Au from the ohmic contacts) - depending

strongly of the presence of As oxide (surface

not perfectly treated with sulfurious acid solution,

% at
0 "1.5
As: 14

0:1a As •21

0 03.5

z
m 319 360 510

(As) (A) Si) (N) 10)

0 50 100 300 500 700

energy (eV)

FIGURE 2

Auger analysis (1) far from the active area ; (2a) on a "path at the origin ; (2b) on a "path" after aging.
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as suggested by the presence of sulfur - Fig. 3),
[5, created the path. %=00A %H& PECVD 5W %Wg5

I SPUTTERED

3. THE GATE-LAG EFFECT

The gate-lag effect corresponds to a drain- lo 1 S
current transient in response to a voltage pulse .

on the gate with little drain-to-source voltage S

(V s) variation. Although several research 010
D

groups are studying this parasitic effect limiting

the performances of GaAs devices, few results 0
have been published until now (6], (7]. Fig.

4 shows the electrical schematic of the measu-
rements we have performed on the FETs. The lot

gate is switched form the pinch-off voltage
to VGS=O. The pulse width can vary in the range
I ps to several seconds with 10 % repetition 0 01 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9

rate. The drain current response is measured depth (pro)

through Rc.

Fig. 5a represents the rising edge part of FIGURE 3

the gate pulse. Fig. 5b is the corresponding SIMS profiles of oxygen and sulfur

drain current response before aging : the static

value of IDSS (7 mA) is instantaneously reached.
After aging (Fig. 5c), the drain current switches

partially on, from IDS = 0 to IDS = 4 mA, and

then lags to the static valve of IDSS (7 mA)
4with a time constant > 100ns.lt is obvious that

4 mA is the maximum drain current available ID R current
for microwave operation. Such phenomenon I probe

can affect the high frequency operation of 0
an integrated circuit, when the gate switches

capacitively. Surface effects are involved in 0Vs
t this degradation mechanism (6], (7], but they S

are not well understood in the present case. V stt

4. CONCLUSION
Failure mechanisms have been investigated

FIGURE 4
on a standard GaAs IC technology by means

Electrical schematic diagram of gate-lag measure-of physical analysis. Successfuli technological ment.
met

improvements have been then conducted.
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R3LIABLITY OF LOV-NO1S HICROWAIV HINT BY XOCYD

K. Tanaka, H. Takakuwa, J. Kobayashi and Y. Kato

Sony Corp. Semiconductor Group
4-14-1, Aoahioho, Aaugt,

Kanagawa 243, JAPAN

Low-noise HEMTs were evaluated for reliability by conducting high

temperature accelerated life tests and examining the changes in
electrical characteristics of the device as well as visual signs of
degradation. The reliability of the HIMTs was found to be on the same
level as that of conventional GaAs MESFETs, and no degradaticn
associated with the unique structure of the HEMT was observed.

1. INTRODUCTION 2. DEVICE FABRICATION

HENTs (High Electron Mobility The cross-sectional structure of a

Transistors) for low-noise microwave typical low-noise microwave HENT with

applications have been introduced by AlGaAs/GaAs heterojunctions and

various manufacturers and are expected AlAs/GaAs underlying super lattice

to eventually replace the conventJona2 structures is depicted in Fig. 1. A

GaAs MESFETs in small-signal front-end photograph of a 200-micron wide chip is

applications, shown in Figure 2.

The current HEMTs employing The epitaxial growth necessary for

AlGaAu/GaAs heterojunction structures the formation of the HEMT

have demonstrated performance superior heterojunction and superlattice is

to the best available MESFETs today, performed by MOCVD using trimethyl

with minimum noise figures well under aluminum (TMA), trymethyl gallium (TMG)

1.0 dB at 12GHz and 1.5 dB at 18 0Hz and arsine carrier gas (AsH3 ) under

( 1J,[2]. atmospheric pressure. The growth

RNMTs have a more complicated temperature is 720 C and the growth

structure than conventional MESFETs, rate is about 2401/min. The operation

and this paper describes the results of of the reactor is managed by an

high temperature storage tests. The automated sequence controller,

data described here include performance resulting in a high level of

of actual HENTs (200-micron wide, reproducibility and uniformity of the

0.5-micron long gates) under high epitaxial growth process.

temperature storage (at 2000 C, up to Hall mobilities of the two

2000 hours), as well as observations of dimensional electron gas of the actual

various physical parameters obtained device at the interface are 8000 and

from process monitor elements heated to 30000 cu2/V-seo at 300 and 77 K,

3000C. respectively, with an undoped AlGaAs
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spacer layer of 10 2. The mobility and successfully applied.

the sheet oarrier concentration of the Figure 3 shows the results of

two dimensional electron gas are high-temperature (2000 C) storage tests

comparable to those reported using MBS. in terms of the device's BF performance

A high mobility and a low sheet (noise figure and associated gain). It

resistivity of the two dimensional can be seen that no degradation of

electron gas are the two most important either parameter occurs at 200 °C even

parameters for the realization of low at the end of the 2000-hour test

noise HENTs. A thin super lattice period. DC parameters were also

buffer of alternating undoped AlAs and checked and found to be unaffected.

GaAs layers and a 10 1-thiok undoped Once it became clear that there is

AlGaAs spacer layer were introduced to no measurable degradation at 200°C

satisfy the above requirements as shown storage, additional tests of DC

in the device cross section. parameters were performed at 300 0 C

The aluminum gate metal is using process monitor elements.

evaporated at an angle to offset the Characteristics of the Schottky

actual Schottky contact region towards gate such as the capacitance of the

the source and partly overlap onto the built-in Junction (Co), n-value and

spacer sidewall. This results in a forward voltage (Vf) do not show any

reduction of the effective gate length change after a 300 0 C, 150-hour storage,

together with a decrease in the series as shown in Fig. 4. The aluminum

gate resistance resulting from the high Schottky barrier to the underlying

crose-section-to gate-length ratio. n-doped AlGaAs is thus shown to be a

The Au-Ge/li ohmic metal for source and stable gate structure for the

drain is defined by standard lift-off fabrication of ENTs.

using silicon nitride as the lift-off DC parameters of the HEMTs such as

spacer. All currently fabricated RENTs pinch-off voltage (Vp),

are passivated with a 500 2 layer of transoonduotanoce (0n), saturatid drain

silicon nitride after the definition of current (Idea) are also unchanged after

the gate and ohmic regions, the 300 °C, 150-hour test, as shown in

Figure 5. These data indicate that

contrary to some reports that DC

3. HIGH TEMPERATURE LIFE TEST parameters, particularly Ides, show

For the fabrication of HINTs, a high fluctuations and require a

purity OaAs layer and an abrupt stabilization bake, the electrical

AlGaAs/OaAs interface are required. In parameters and the physical parameters

addition, the uniformity and quality of of the HINT are inherently stable.

the epitaxial layers must be well The sheet resistivity of the two

established. To date, for the dimensional electron gas at the

fabrication of semiconductor laser interface of the heterojunotion does

diodes which require very high not change after the 300 0 C, 150-hour

reliability to assure a long lifetime, storage, as shown in Figure 6. This

only LPN and MOCVD have been indicates that any interdiffusion
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between Si, Ga, As and Al atoms at the More comprehensive data on the various

interface does not give adverse effects failure modes, particularly those

to the 2DEG channel. related to the ohmio metal system, the

A more severe test of the heterojunotion interface and the

stability of the heterojunction was superlattice will be collected and

done by measuring the mobililty (u) and reported in the future.

the sheet carrier density (no) were

after 30-minutes of heat treatment at

500, 600 and 7000C. They are shown in REFERENCES

Fig. 7. At 7000 C the mobility

decreases and the carrier density [1] K. Tanaka, M. Ogawa, K. Togashi,

increases, suggesting possible Si H. Takakuwa, H. Ohke, M. Kanazawa,

diffusion from the Si-doped AlOaAs 1. Kate and S. Watanabe,

region to the undoped GaAs layer. "Low-Noise HENT using MOCVD,u IEEE

However u and ns remain constant up to Trans. on Microwave Theory and

600 C. At the end of the Techniques, Vol MTT-34, No. 12,

150-hour test, the ohmic contact Dec. 1986, pp. 1522-1527.

resistance however does show a gradual

increase indicating a deterioration of [2J H. Takakuwa, K. Tanaka, Y. Mori,

the ohmic alloyed region, as shown in M. Arai, Y. Kate and S. Watanabe,

Fig. 8. This data is similar to that "A Low-Noise Microwave HENT using

observed from standard GaAs MISFET MOCVD,* IEEE Trans. on Electron

ohmic contacts which also use the Devices, Vol. ED-33, No. 5, May

AuGe/Ni eutectic alloying procedure, 1986, pp 595-600.

and the cause is assumed to be

equivalent for both HEITs and MESPETs. Se t ain

An activation energy of approximately

1.9.r has been derived by an &rrhenius

*plot of the ohmic contact resistance.

Using this value, the extrapolated MTTF Fig. 1

of the HET at room temperature due to

ohmic degradation (defined as the time unoG

it takes for the ohmic contact

resistance to double) would be on the S.L. Buffer

order of 107 to 108 hours. Gat S. 1.

The results so far show that HINTs

fabricated by MOCVD are very reliable

in addition to offering the best noise

performance. The current HENT devices Fig. 2
are as reliable as MRSFETs, and no

degradation associated with the 
Photograph

AlGaAs/GaAa heterojunction or the (Wg20OumLg=O.5um)

AlGaAs/motal interface was observed.
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ION BEAN LITHOGRAPHY

Gerhard Stengl, Hans Ldschner, Ernst Hammel,
INS - Ion Nicrofabrication Systems GsbH,
A-1020 Vienna, Austria

Edward D. Wolf,
National Nanofebrication Facility,
Cornell University, Ithaca, New York 14853, USA

1. INTRODUCTION F18L

With great effort advanced lithographic 4
techniques are being developed to cope
with immediate production needs of RRE

devices with submicrometer design
rules. Optical 1:1 and reduction
techniques will fulfill the litho-
graphic requirements of pattern
transfer down to 0.5 pm......_=

This paper in focused on the potential ML_ ____ ____

of ion beam lithography for the CHAMUN oPM

development, customization and high MaSC MASK

volume production of sub-0.5-pm
devices.

Ion beam lithography (IBL) is being
developed in three directions (Fig. I): . /
Focused (FIBL), Masked (MIBL, using im
channeling or open stencil masks), and WrV M

Ion Projection Lithography (IPL, using 7
open stencil masks).

2. FOCUSED ION BEAM LITHOGRAPHY (FIBL) P.X Nd:

Using high brightness liquid metal ion
sources FIB ion-optical columns can
realize spot sizes down to 0.03 pm with
current densities up to 10 A/cm2 [1]. 110
FIB lithography for quantum wells with
0.06 psm diameter on 0.5 pm centers in
arrays of 1024 x 1024 dots (500 x 500 FIGURE 1. Ion beam lithography
pom) was done in 18 sac [2]. development.

Recently, considerable attention has Furthermore, compared with scanning
been given to the development of high electron beam lithography, the slow
brightness hydrogen and helium gaseous velocity of the accelerated ions
field ion sources [3]. Light ions imposes severe limitations in the
deposit their energy in small, wall writing speed. Traveling wave
defined volumes with penetrations deflectors may speed up the pixel
depths of about 1 (0.7) pm for 100 key transfer rates (6,7] but will compli-
H* (He*) ions [4]. cat* FIB systems considerably and will

add a substantial reduction of chro-
But all these sources deliver a total matic errors to the ion-optical column.
usable current of just several 100 pA
and provide S 10 ions/sac on the Consequently, with respect to deflect-
substrate. Thus, pixel transfer rates ion speed, the best choice for litho-
are limited to 107 H (with 0.05 mm grapttc applications is the use of k
pixel size and about 100 ions exposed 100 keV H-ions and the realization of
into one pixel site [5]). variable shaped beams.
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Compared with the well established 9- Implementing open stencil masks, ion
beam tools, a scanning FIB system would beam isl exposure demonstrates sub-0.1-
ensure much loss proximity effects pm resolution in PMMA organic resists
loading to more simple pattern genera- with excellent process latitudes [19].
tion. This may be important for the Covering the openings with a fine line
realization of photomaska and reticles grid, complicated patterns were
for x-ray lithography with submicron realized on the wafer (rocking the ion
feature sizes [9]. But mask making beam during exposure). Another solution
technologies may move towards bi- or of the "hole in the doughnut" problem
trilevel resist schemes which overcome is the splitting of a lithographic
the disadvantage of electron beam design into a set of complimentary npon

scattering effects. These effects are stencil masks. So far, this technique
also substantially reduced by using k has been developed for 1:1 electron
50 keV electron energies. beam shadow printing [20).

Because of these reasons, the main To realize the required control of mask
impact of H--FIB lithography may be in pattern distortion the openings may
the field of prototyping of new devices only be realized in mask foils under

where the lack of proximity effects low (* 106 dyn/cm2) stress [21]. For
gives an important advantage in process channeling or open stencil MIBL

technologies. A FIB system may provide techniques mask heating during chip
not only lithographic pattern genera- exposure is setting a limit to the
tion but also the possibility of ion- power load of about 50 mW/com of the

assisted etching [9] and deposition [9] ion beam impinging on the mask foil
and localized sputter removal of [21]. For 100 key ions thus dose rates
surface layers. The same system can be of several 1012 ions/cu

2
/sec can be

used as an in situ ion microscopy and realized. Statistical requirements for
SImS analyzing tool [10]. (These reliable sub-O.5-pa pattern transfer
features are already used for indus- ask for a resist with a sensitivity of

trial mask repair systems [11].) k 1012 ions/cm2 [6,7] which limits the
(0.05 Mm) pixel transfer rates and thus

For submicron device prototyping and MIBL productivity to the order of 1011
customization the focused ion beam must Hz .[5].

fulfill requirements on positional

accuracy of the order of 0.01 pm. Such
precision could be achieved for FIB 4. ION PROJECTION LITHOGRAPHY (IPL)
systems using principles of demagni-
fying ion projection optics [12,13]. The schematics of an Ion Projection
It should be mentioned that - using a Lithography Machine (IPLN) are shown in
source delivering ion currents of Fig. 2. A duoplasmatron is used as the
several 100 pA (14] - the inherent ion source [14] where depending on the
limitations in single beam scanning ion species (H*, He', N1, Ar) up to

could be solved by multiple beam 200 pA can be extracted with angular
exposure techniques either using current densities of > 100 mA/sr (to be
switchable beamlet apertures (15] or compared with < 100 MA/sr for liquid

screen lens projection [16]. Severe metal ion sources). The ions seen to
problems of positional accuracies and originate from a virtual source whose
uniformities of baamlet currents have size in only ft 5 ps 0 [22]. The

to be overcome in this case. extracted ions are focused to an ExB
filter region. Subsequently a broad ion
beam illuminates the open stencil mask

3. MASKED ION BEAM LITHOGRAPHY (MIBL) reticle with ion energies between 5 keV
and 10 keV. The ions passing through

As with x-ray lithography the MIBL the mask openings enter an immersion
technique uses thin Si (or SiaN4 ) gap lens which accelerates the ions to
membranes as mask reticle support. In their final energy of 50 keV - 100 key
the "all Si" approach the absorber is (or higher, depending on system
formed by the thicker (2 Ma) regions of design). The immersion lens focuses the
the membrane whereas the incidenting ion source into the projective lens
100 keY - 200 keV H, or He- ions are system. This Einzal lens projects an

channeled through the thinner (0.5 Mm) ion image of the mask opening patterns
support areas [17). The channeled ions at a defined reduction factor (3x-

leave the mask with a scattering angle 20x) onto the substrate. The desired
of about 40. Thus theoretical and ion species is selected through ExB

experimental studies show resolution action at the (variable, Fig. 2)
limits of 0.5 pm pattern transfer into entrance aperture of the projective
single layer organic resists (18]. lons.
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Applying appropriate voltages to the
rods of an octopole, placed in front of Insuc
the projective lens, electrostatic di-
pole fields are generated which can
move the projected ion image in the X-Y cswy
plane of the wafer target. A fine ro-
tation of the ion image can be achieved
by axial magnetic fields with a no- Ex@a
lenoid surrounding the octopole site.
(A coarse rotation of the Ion image In
achieved by mechanical reticle move-
ment.) A reference block between pro-
jective lens and wafer containes 8
channeltron detectors to obtain signals
for die-by-die alignment. Chip exposure Rdt 1can be controlled by mechanical or J
electronic shutter arrangements. Wafer
exposure is done with a stepper X-Y-Z-
S-stage.

4.1. IPL PROCESS LATITUDES
AND DEPTH OF FOCUSExtaeur

Results obtained with an experimental
met up (IPLM-Ol, without ExB analyzing S~tMutn hc
unit) have demonstrated resolution
patterns of 0.1 p~m lines and spaces.
This resolution was obtained in PMMA
organic resists with image reversal
[22,23,24] techniques replicating open
stencil mask openings of 500 lines/mm
(I ps mask opening width) at lOx re- FIGURE 2. Principles of an Ion
duction. The pattern transfer charac- Projection Lithography Machine
teristics shows a linear relationship
between the PNNA pattern linewidths and
the width of the mask openings [24].
Figure 3 shows an IPLM-01 result of the .~

dependence of several pattern line- 2A -LM-4
widths vs. chip exposure time (ion ~2. 23jmM - LPI4.S0
dos). Using 8O ksV He--ions the 2SmIESl~p

exposure was done with a 5x reduction 0
projective lens in a chip field of 4 xd 4
smm. This considerable process latitude .

is in the same order as results of aA
1:1 ion beam exposure (done with 50 keV L12

12. LPNd00
H--ionx with positive PNNA development 5112p
[19]) an indicated in Fig. 3.

Because of the quasi-paraxial flow of a6
the Iona in the IPLH column a very .4 T" .TT 00T 3p
large depth of focus in achieved. W., ---4466.320 O
Changing the wafer Z-position by * 4.5 0 5 :100.31 Jim
millimeter the resolution in degraded 101
only by 10 % [24]. Because of the di- 1
vergent ion beam the scale of the pro- EPS~~DS
jected ion image changes with the wafer 0oscuj
Z-poaition. This change can be compen-
sated by setting the voltage of the
projective lens (23,24]. This electro- FIGURE 3. Results of linewidth inea-
nic change of scale can be done within surements in PNA organic resist vs.
1 0.5 % for 10 4 resolution changes exposure dos. Comparison of 1:1 am-
[24]. Thus, using a wafer stage with 2- posure (Randall (19], HI-ionu and
adjustment, topographical structures on Positive development) with IPLN-01
the wafer up to heights of 5 Lam will exposure at 5x reduction (He*-ions
not impose pattern displacements of and Image reversal development).
more than 0.05 m at the corners of LPN a line pairs /n mmIn the mask
chip fields up to 10 x 10 ns. openings.
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4.2. IPL OPEN STENCIL MASKS:
FABRICATION AND EXPOSURE
CONDITIONS ANISOTROPIC MASK OPENING

For the IPLM-01 experiments teat masks,
fabricated by Ni electroplating 3. IONS

techniques [24], have been used. Byclamping the Ni mask foil to an iavar 1.1 / ENE

steel frame at elevated temperature (7030 vate te1pt (
9C) the ion bean induced mask heating 

1.0_
causes only a partial relief of the

thermally induced stress but no pattern

displacements. The distortion level of

such test masks has been evaluated for

continuous ion bean exposure conditions

[22]. Because of the crude clamping of

the 2 pa thick mank foil a 8 pm shear TAPERED MASK OPENING

distortion was found for a 20 n x 20

mn grid field [22].

An excellent lifetime of the Ni test CORNER

masks of > 700 hours wa, found for a 5
keV He, ion beam exposure of the mask

with current densities of I I pA/cms

[14].

Within the framework of x-ray litho-
graphy, mask technologies have been

developed to fabricate thin Si (or

S 3aN., SIC) foils in situ connected to FIGURE 4. IPLM exposure conditions of
a supporting Si-wafer ring frame [25]. open stencil masks.

Theme mask blanks can also be used to

fabricate open stencil masks.

Because of the divergent ion beam

impinging on the open stencil mask, FABRICATION DISTORTIONS
anisotropic mask openings have to be

corrected in width as indicated in Fig.
4a. This is not necessary using tapered

mask openings (Fig. 4b). The 5 keY Ions

are stopped within a < 0.1 pm surface

layer of the open stencil mask provi- I
ding excellent mask contrast. Thus, no

linewidth errors are caused in the 100A
project d ion image. Fabrication

techniques for tapered mask openings Voxr

are already being developed [26] which ./
ny also uxe appropriate process@* of

Si trench etching technoligies [27]. 1
By simulating the fabrication of E

openings in a stressed mask foil the
induced distortion was calculated by

Randall [28] for the following exposure
conditions: 5:1 reduction ion-optics,

mask area a 5x5 ca
=
, image field =

lOXlO mmi, 5 kiV ion energy at mask, 0A - '

current density at mask a I pA/cs. The 10 10

fabrication induced maximum image INITIAL STRESS dynes/cm
distortion of the 10 m chip field is i
0.05 pm even for the "worst came" (only

half of the mask contains openings)
when a 2 pm thick foil with a low FIGURE 5. Maximum lateral fabrication

stress of 100 dynes/cm* is used (FL. distortion of projected mask image as

S). (Low strewn mask foils can, e.g, be a function of initial stress as cal-

realised by adding Go to the B doping culated by Randall [28] for a 10 x 10
of the Bi wafer surface [25,26].) mam' chip field.
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With the proposed use of such low
. m~tress Si open stencil masks, the IPLN m

induced heating would cause an expan- $A

a ion and thus distortions if the mask
frame in pinned to room temperature.
The amount of such exposure induced 02

distortions in 1 0.05 pm for the 10 mm
chip field for 5 m/c. mask exposure ,
(Fig. 6, [28]).

Exposure induced distortions may be

reduced to zero level (28] if the mask

frame is heated to the temperature of
the ion beam exposed mask foil [12]. In

this way the total current extracted , , ,

from the ion source can be used to 1 2 3 4 $ 6 7 6

expose the mask with current densities MASKTHICKNESSICE

of 10 pA/cm
2  

and power loads of 50

mW/cma.

FIGURE 6. Distortions of the projec-
Because of the immersion lens induced ted image (10 x 10 mm) caused by

acceleration and the ion-optical mask heating in the cooled frame as a

reduction the power density at the function of mask thickness with dif-
wafer is enhanced by three orders of ferent values of emissivity as cal-

magnitude to several 10 mW/cm2. For a culated by Randall [29].

lOx reduction system dose rates of
several 101

o  
ions/cm

2
/sec may be

realized. Thus, ion projection litho- 10 keV
graphy may approach (0.05 pm) pixel E-BEAM
transfer rates up to 1014 Hz which is
equivalent to the productivity level of
optical projection [5]. Ni MASK FOIL

MASK FRAME

4.3. INSPECTION OF IPL OPEN STENCIL

With the goal to fabricate open stencil

masks with mask openings down to 1 pm
dimensions, commerical E-beam systems

can be used for reticle pattern =DETECTOR

generation. Focused ion beam systems

seem to be best suited for 
mask repair

(with possible improvements using Au LAYER
demagnifying ion projection principles

[12] in the future). Si LAYER

But the currently used optical photo-
mask inspection techniques are not FIGURE 7. SEN transmission mode
sensitive to organic layers or partic- open stencil mask inspection.

les in the mask openings which stop the
impinging ion beam.

In order to achieve the excellent
Because of theme reasons a new mask transmission ZSX contrast (Fig. Ga)

inspection method using electron electrons of 10 keY energy were used
transmission microscopy has been which are not penetrating the 2 pm

developed. The principle is shown in thick Ni mask foil used for this
Fig. 7. In an SEN the secondary experiment. The transmission SEN of the

electron detector is placed beneath the mask openings correlates with the ion
mask so that a transmission SEN picture image projected with the IPLM-01 onto

of the mask openings can be obtained, the wafer (Fig. 9). This inspection
method could also be implemented in an

1igure a& shows an example of a electron beam writing system so that

resolution test pattern with large dust defects and opening pattern positions

particles as depicted in the con- of the fabricated stencil mask may be
ventional SEN micrograph of Fig. 8b. controlled in one step.
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4.4. IPL PATTERN TRANSFER INTO ORGANIC
AND INORGANIC RESIST LAYERS

The high IPL power densities allow the
use of a wide variety of organic and
inorganic raist materials (293.

Using organic (photo)resists and
conventional (dip or spray) development
the exposing ion beam must penetrate
the resist material in order to obtain
steep resist walls (4].

The damage induced by the ion beam in
gate oxides, Si and GaAs substrates has
been studied in context with annealing
procedures. With stopping layer tech-
niques any damage can be avoided (30]

FIGURE Sa. SEM transmission mode pho- because the ion beam induced x-ray
to of a Ni test mask opening with 220 generation is negligible (less than 6
lines/mm partly covered by defects, orders of magnitude in comparison with

E-beam lithography).

Implementing dry development tech-
niques, organic resists could be used
for IPL pattern transfer as shown in
Fig. 10.

Selecting ion species and energy the
IPL exposure is done such that the ions
stop within the organic resist or at
layer sites where the induced defects
do not degrade device performance. Then
a transformation step (e.g., silylation
as being developed for photolithography
[31]) leads to a conformal mask for
subsequent plasma development of the
organic resist. (IPL exposure already
in situ may lead to a selective surface
transformation, e.g., the carbonization
of organic resist materials [32,33].)

FIGURE 8b. Conventional SEN photo of
the defect covered test pattern. Complete dry development was shown for

bilevel resist schemes with an AS-1450
photoresist base layer and an evapora-
ted Ge top lithographic layer [22].

Because of the large depth of focus
planarization is not a necessity for
IPL pattern transfer.

Figure 11 shows a proposed process for
pattern generation in metal layers
using conformal organic (or inorganic
[22,29]) resists. Here the ions
penetrate the resist but do not degrade

the properties of the underlying
devices.

The uIe of high resolution inorganic
resists and materials may become
mandatory for sub-0.2-mm pattern

FIGURE 9. Optical micrograph of an replication because of the unstable
IPLM-01 image of the test pattern high aspect ratio organic resist
at 5x reduction (1100 and 1250 structures inherent to planarizing
lines/am, 0.91 and 0.80 go pitch), techniques (Fig. 10).
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4.5. IPL INTRAFIELD DISTORTION AND
DIE-BY-DIE ALIGNMENT

0 IPL EXPOSURE - SENSITIZATION First measurements of the intrafield
distortion of the IPLM-O ion-optical
column show the possibility of changing

RESIST the distortion from pincushion to
barrel type [22].

OXIDE This gives the possibility of an
optimized set up of the ion-optical

Si column by adjusting immersion and

0TRANSFORMATION. e.g. SILYZATION projective lens voltages and wafer 5-
position.

In addition, with the help of ion-
optical correction elements an elec-
tronic fine adjustment of intrafield
distortion can be achieved [24,34].
Thus, a future "ion-optical" wafer
stepper may be used in a mix & match

0DRY DEVELOPMENT mode together with optical, electron
beam or x-ray lithographic tools.

With respect to die-by-die alignment a
basic test has been performed studying
signals of secondary electrons genera-
ted by ion beam probes swooped electro-
statically across wafer registration

FIGURE 10. IPL pattern transfer into marks. The test was performed only in
single layer organic resists. one direction using two channeltron

detectors [24].

For chip alignment 8 channeltron
detectors are necessary where a pair is
used to generate signals for X, Y,

( IPL EXPOSURE rotation and scale. Because of the low

energy of the ion probe induced
secondary electrons (35] the wafer
registration marks may not be covered

RESIST by planarizing layers. (Organic resists
METAL may be selectively removed by excimer
LAYER laser photoablation techniques [36].)SUBSTRATE

Resist removal can be avoided using

2TRANSFORMATION + DRY DEVELOPMENT combined ion projection and optical
alignment techniques as schematically
shown in Fig. 12.

With the help of channeltron detector
signals the projected ion image can be
pinned in X, Y, rotation and scale to a
reference block situated between

RIE METAL LAYER projective lens and wafer.

With an optical alignment sYstem (e.g.
using linear fresnel zone plates [371)
wafer registration marks can be
detected.

The misalignment indicated by the
optical system may be corrected by a

FIGURE I. IPL pattern transfer into mechanic wafer movement or - without
metal layer using conformal organic moving mechanic parts - by an elec-or inorganic resist layers. tronic correction of the projected ionimage (in X, Y, rotation, and scale).

631



4

4.6. CONCLUSION

The results demonstrated so far with PROJECTK LENSSITE

the IPLN-O1 experimental setup lad to
the conclusion that ton projection M KMwa ,

lithography can be developed to be an A
important high volume production tech-
nique for sub-0.5-pm devices.LAM

Statistical data on resolution, pattern MOIL

transfer characteristics, depth of ne
field and their distributions over the M VN

image field have to be generated which wMs U Hl i-m
holds also for intrafield distortion
measurements.

Thus, in analogy to optical wafer and FIGURE 12. Principles of combined ion
x-ray steppers, high speed (electrical) projection and optical alignment.
measurements techniques (38,39] must be
implemented which can also be used for
the evaluation of die-by-die alignment.

[5] H.I. Smith, Ext.Abstr. 18th (1986
For many future devices (e.g. GaAs on Int.) Conf. on Solid State Devices
Si) the large depth of focus of ion and Materials, Tokyo, p.13 (The
projection lithography will facilitate Japan Society of Applied Physics,
economic productkon techniques. IPL 1986).
exposures may also be used for the
development of in situ processing using [6] W.L. Brown, NATO Advanced Study
Ion beam modification techniques of Inst., Heraklion, Crete, Sept. 16-
materials [22,29]. 22, 1985 (North Holland).
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higher process latitudes [40] synchro- 1987, t.b.p. in J. Vac. Scd.
tron x-ray) 1:1 or optical reduction Technol. (1988).
exposure techniques for Z- 0.5 pm
lithographic levels and demagnifying (8] K. Gamo, S. Namba, Mat. Res. Soc.
ion projection printing for levels Symp. Proc. Vol.45, p. 223

requiring 0.5 m resolution. (Materials Research Society, 1985)

[9] J. Melngailis, 31st Int. Symp. on
REFERENCES Electron, Ion and Photon Beams,

Woodland Hills, Ca, May 26-29,

(1] H. Ahmed, NATO Workshop on 1987, t.b.p. in J. Vac. Sci.
Emerging Technologies for In Situ Technol. (1988).
Processing, Corsica, May 4-8,
1987, in print (North Holland). (10] A. Wagner, Solid State Technol.

26(5), 97 (1983).
(2] R.L. Kubsna, R.J. Joyce, H.L.

Garvin, F.P. Stratton, R.G.Brault, (11] B.M. Ward, D.C. Shaver, M.L. Ward,
31st Int.Symp. on Electron, Ion Proc. SPIE Vol. 537, p. 117 (1985)
and Photon Beams, Woodland Hills,
Ca, May 26-29, 1987, t.b.p. in J. [12] G. Stengl, H. Lbschner, J.J.
Vac. Sci. Technol. (1988). Mural, Solid State Technol. 29(2),

119 (1986).
[3] M. Konishi, N. Takizawa, T.

Tasumori, 31st Int.Symp. on (13] J. Orloff, P. Sudraud, Micro
Electron, Ion and Photon Beams, circuit Engioeering 3, p. 161
Woodland Hills, Ca, May 26-29, (North Holland, 1985).
1987, t.b.p. in J. Vac. act.
Technol. (1989). (14] G. Stengi, H. Loachner, W. Maurer,

P. Wolf, J. Vac. Sci. Technol.
(4] L. Karapiperis, I. Adesida, C.A. 94(l), 194 (1986).

Lee, S.D. Wolf, J. Vac. act.
Technol. 19(4), 1259 (1981). 115] B. Lischke, private communication.

632



(161 J.J. Muray, Seaiconductor Int. (31] F. Coopmans, B. Roland, R.

7(4), 130 (1963). Losbaerts, Nicroelectronic
Engineering 6, p. 291 (North-

(171 3. Bartelt, Solid State Technol. Holland, 1986).
29(6), 216 (196).

(32] N.L. Brown, Radiation Effects 98,
(is] G.M. Atkinson, J.L. Bartalt, A.R. 115 (1986).

Weureuther, N.V. Cheung, J. Vac.
Sal. Technol. 86(l), 232 (1987). (333 N.I.J, Bale, C. Broughton, A.J.

Pidduck, V.G.I. Deshmuck, Mucl.

(19] J.N. Randall, %.I. Bromley, N.P. Instr. Moth. in Phys. Re. B19/20,
REonomou, J. Vane. Set. Technol. 995 (1907).
94(1), 10 (1966).

[20] H. Bohlen, U. B*hringer, J. [34] G. Stengl, H. Laschnor, J.J.
Kayser, P. Nehmiz, W. Sapka, N. Nuray, Ext.Abstr. 18th (1906
Kulcko, Solid State Tachnol. Int.) Conf. on Solid State
27(9), 210 (1984). Devices and Material*, Tokyo,

p.29 (The Japan Society of
(21] J.N. Randall, R. Sivasankar, J. Applied Physics, 1986).

Vac. el. Tachnol. 36(l), 223
(1987). [35] A.J. Muray, J.J. Muray, Vacuum

35(10), 467 (1985).
(22] 0. Stongl, H. LOachner, R. Hammel,

E.D. Wolf, J.J. Huray, NATO Work- [36] K.J. Polasko, D.J. Elliott, B.P.
shop on Emerging Technologies for Pivczyk, an [2].
In Situ Processing, Corsica, May
4-8, 1987, in print(North-Holland) (37] B.S. Pay, W.T. Novak, Proc. SPIn

Vol. 632, 146 (1986).
[23] G. Stengl. H. Laxchner, J.J.

Muray, Tachn. Proc. SEMICON/West E38] K. Chivers, T. Hasan, Techn. Proc.
1986, p. 42 (SEMI Inc., Mountain SEMICON/Europa 86, p. 104 (SENI
View, California, 1986). Inc., Mountain View, California,

1986).
[24] R.Vischer, E.Hamael, H.Laschner,

G. Stengl, P. Wolf, H. Kraus, (39] B. Fay, 3. Labrie, S. BiJawat,
G. Stang, Microelectronic " Microcircuit Engineering, 5, 587
Engineering 5. p. 193 (North- (1986).

Holland, 1986).
(40] H.I. Smith, 31st Int.Symp. on

[25] A. Neubarger, Microelectronic Electron, Ion and Photon Beams,
Engineering 5, p. 3 (North- Woodland Hills, Ca, May 26-29,

Holland, 1986). 1987, t.b.p. in J. Vac. Sol.
Technol. (1988).

(26] A. Heuberger, L.M. Duchmann, L.
Cospregi, K.P. HUller, this
volume.

[27] F.O. Fong, C. Kinalidim, J.C.
Wolfe, J.A. Oro, an (2].

(2e] J.N. Randall, D. Bellavance, R.
Sivasankar, Materials Research
Society 1966 fall Meeting, Boston,
Dec. 1986, in print.

[29] 0. Stengl, H. Lanchner, P. Wolf,
Nucl. Instr. Moth. in Phys. Ron.
819/20, 997 (1967).

(30] S.W. Pang, T.M. Lycszarz, C.L.
Chan, J.P. Donnelly, J.N. Randall,
J. Vac. Bel. Technol. 85(1), 215
(1967).

633

r



Session C2.4

Power Devices

Chairman: E. Rimini

TuesdafySeptember 15,91987



C2.4. 1

EXPERIMENTS AND MODELING FOR U.H.F. POWER
VERTICAL D.MOS TRANSISTOR

* ** * *

G. TARDIVO - P. ROSSEL - A. SENES - G. CAZAUBON
** **

M. BELABADIA - R. MAIMOUNI

* THOMSON SEMICONDUCTORS
Rue P. et M. Curie - BP 0155
37 001 TOURS Cedex - FRANCE

** LAAS - CNRS
7, Avenue du Colonel Roche

31 077 TOULOUSE Cedex

ABSTRACT tact is located at the bottom of the
chip, whereas the source and gate con-

After a brief description of the basic tacts define an interdigitated pattern
structure and fabrication process of on the top of the structure. Figure 1
V.D.MOSFET's for power high frequency shows a cross-sectionnal view of this
applications, a new non-linear dynamic structure.
model is proposed. The implantation of
this model on the ASTEC III simulation
program, enables its use for comparison GATE CNTACY. - o C.,

between measured and computed characte- 5, PD,/-WE

ristics under DC and small - signal
conditions and to set up a new simula-
tion procedure for designing and si-
mulating radio-frequency power ampli-
fiers. At last, the model is used to . L
give some design rules for U.H.F. power
V.D. MOSFET's.

FIGURE 1

1. INTRODUCTION Cross - sectionnal view of a V.D.
MOSFET.

Since it came out on the radio-
frequency power semiconductor market
the MOSFET has played an increasing The starting material is an epita-
role, because of its numerous advan- xial silicon layer whose thickness and
tages like good power gain, high input resistivity are carefully chosen in
impedance, and very good thermal stabi- order to increase the device voltage
lity [1-6]. Among MOSFETs, the verti- handling capability, without damaging
cal double-diffused KOS (V.D.MOS) to- the on-state characteristics. Figure 2,
chnology is now chosen by almost all shows the main steps of the fabrication
manufacturers. Moreover, beside the process. This process begins with a
technological developments, it appears gate oxidation, followed by a polysili-
necessary to set up modelization and con layer deposition, which will be
simulation tools both to define design etched in order to create the gate
methodologies that apply to radio- pattern. A p-type source region will be
frequency power amplifiers using these diffused, always using the gate pattern
transistors and to obtain design rules as part of the mask. This double-dif-
for future V.D.MOSFETs operating in the fusion process is self-aligned on the
U.H.F. range. gate, so as to enable an accurate con-

trol of the channel length (lower than
2. BASIC STRUCTURE AND FABRICATION 2 microns). The polysilicon gate is

PROCESS then coated with an aluminium metalli-
zation and the source metallization is

The V.D.MOS transistors for radio- realized. Finally, a passivation film
frequency applications are vertical is formed. Chips are packaged in a 4L
devices, that is to say the drain con- FL package by using Au/Si solder.
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polysilicon oxide scattering velocity in both lateral and
transverse directions. Detailed cal-
culations are described in references
[7, 8]. The active channel region is
treated as a non-uniform transmission
line. The first differential dynamic

Aepoiteo t equation is obtained by linearizing theexpression of the current and the se-

cond expresses the conservation of the
M current flow taking into account the

_j current losses through the gate. After
development of the equations'solutions,
it appears that the channel region can

After p-t s rion diffgion and etch be modelized by a discrete element
equivalent circuit, with capacitance

and resistors whose values only depend
on the geometrical and physical parame-
ters and on the instantaneous vol-
tages. Figure 3 shows the dynamic equi-
valent scheme of the channel region.

After source (N+) diffusionI

Al G0a

RZ

After contact setallization and
Pasivation 5

FIGURE II

Main technological steps of the V.D. FIGURE III
MOSFET fabrication process.

Equivalent scheme for the channel
3. MODELING OF THE V.H.F. V.D.MOS region of the V.D. MOSFET.

TRANSISTOR

An accurate high frequency model 3.2. Model of the V.D. MOS
for the V.D.MOS transistor must take transistor
into account all the specific characte-
ristics of this device and more preci- The second main region of the
dely : V.D.MOS transistor is the epilayer

region between the two channels under
i/ the short channel effects on the the gate. We have shown, using bidimen-
scattering velocity, sionnal simulations, that this region
ii/ the lumped configuration of the could be either accumulated or depleted
inverted channel and the accumulated A dynamic equivalent lumped configura-
region under the gate tion is proposed and the involved equa-
iii/ the current spreading effects in tions are solved (detailed calcula-
the drain epilayer, tions in r6f. [9]) to obtain a simple
iv/ the influence of the drain diode equivalent circuit.
and overlap capacitances as well as
parasitics elements due to encapsula- The current spreading effect in the
tion. drain epilayer is taken into account as

a variable resistor given by an analy-
3.1. Modeling of the channel region tical formula [10]. All the capacitan-

ces (diffused jonctions, overlap, ...)
In contrast with the "small signal" are modelized by simple classical for-

models proposed up to now, the model we mulas. Lastly parasitic. elements such
propose for the channel region is based as metallization resistors, bonding
on a mathematical resolution of the wires inductors and inter-metal capaci-
general semiconductor equations, taking tances are added to the model. Figure 4
into account the saturation of the shows the complete equivalent scheme.
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or C working classes in determining
output power versus input power charac-
teristics and the large signal power
gain.

Figure 6 shows a comparison between
experiments and simulation for a 45
watts devices roalised using the pre-
vious described technology. Several
comparisons of this kind were realized
and a very good agreement was noticed
in each case, between measured and
calculated curves (difference lower

FIGURE IV than 1.5 db).

Complete Dynamic Equivalent Scheme for
the V.D. MOSFET.. o 1

4. DC AND "SMALL SIGNAL" SIMULATIONS 1 -

The model is implanted on the non- I
linear circuit simulator ASTEC III. It
allows the determination of the follo-
wing device characteristics : DC drain
current versus both gate and drain
voltages, scattering parameters, power
gain, LINVILL stability factor and
switching characteristics.

The computed parameters were compared FIGURE V
to their measured values [9]. Figure 5
shows that comparison for the 521 Comparison between the experimental and
scattering parameter. The difference computed curves for the S 21 scattering
between measurement and simulation parameter (45 watts - MOSFET - 2/200
proves to be better than 30 %. This MHz/_ experiments --- simulation).

precision is typical for this kind of
model and due to measurement imperfec-
tions, can be regarded as a good vali- -I----
dation for our model. -t. .- I/

5. DESIGN AND SIMULATION OF RF POWER
AMPLIFIERS .,

one of the main application of the
non-linear model of the V.D.MOS tran- " . '::/ i
sistor is the setting-up of a new pro- I
cedure for designing and simulating 10
radio-frequency power amplifiers, based
on the determination of all the large
signal parameters (i.e output power 1:
compression point, input and output -
impedances, large signal power gain,
power efficiency).

This new procedure is based on the ..
numerical determination both of the
input and output power deduced from the ii
computation of the instantaneous/i
current and voltage values, in the time .. i
domain. First, the device is uncondi- 0 4
tionnally stabilized for all gate and
drain bias conditions using series, or FIGURE VI
parallel or feedback network (9] ; se-
cond, the large signal input and output Comparison between the experimental and
impedances and the maximum available computed RF large signal (A, B and C
output power from the device are ob- classes) characteristics. Output power
tained [11]. It is so possible to ob- versus Input power for a 45 watts V.D.
tain the device performances under A, B MOSFET - Vds - 28 V - F - 150 MHz.
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6. ELEMENTS FOR DESIGNING U.H.F. POWER
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C2.4.2

tVRIGID-FMh SWITCMING 10h AT 1000V

R. Gruening and J. Voboril

Research Center, CRBS.L
BBC Brown Boveri AG
CE-5405 Baden Switzerland

New field controlled thyristors (FCTh) have been realized by a recessed
gate technique (VERIGRID), which exhibit a higher aspect ratio of the
control fingers than devices produced so far. Thus a static blocking
gain in excess of 500 could be achieved, and more than 10A (125A/cm')
were switched off snubberless at 1O00V and inductive load. Furthermore
the doping of the finger sidewalls turned out to be very important
for the on state: with high doping a hole bypass is created, and long
channel JFET saturation is observed instead of a low resistance like that
of a pin diode.

1. Introduction 2. Design and Technology
Since the Field-Controlled Thyristor (FCTh) The structure of a test device is shown in

has been proposed by Nishizawa e.a. [1], Fig.1. It is made from FZ-Si with anode,
different approaches have been made to realize buffer layer and termination as usual. Cathode
such a device [2,3,4]. Nevertheless the fingers are etched by reactive ion etching
ultimate limits of the concept have not been (RIE) after diffusion of the n+ regions, and
shown so far, and, instead of this, nearly all the surfaces of the grooves are doped with
the efforts have been put on the IGBT, since it boron. Metallic contact to the cathode stripes
seemed to be the functional integration of the and- the bottom regions of the gate grooves is
FCTh-MOSFET cascode [4]. realized by evaporated Al, and passivation of

the termination moat as well as isolation
Now IGITs have been developed by Nakagawa between gate and cathode is established by

e.a. (5,6], and an effective hole bypass had photopolyimide. During a last processing step,
to be implemented in the cathode region to a solderable metal layer 4s sputtered on top of
prevent latchup. Computer simulations of this the cathode region and contacted by a copper
device (5] show that in the on state carriers plate. No lifetime control has been applied at
are injected from the anode only. Thus an FCTh the elements presented within this paper.
could exhibit lower on resistance and switching
losses for two reasons: First there is no
MOSFET connected in series with the bipolar Cathode -

high voltage device, and secondly, carrier

injection from both sides, anode and cathode, coth.de
should be possible within an FCTh. -- am* come

Our recessed gate technology (VERIGRID)

recently developed for a highly interdigitated -&A" M
GTO (7] turned out to be the key factor for the
realisation of FCThs. A new latching mecha-
nism, the dynamic latching, has been found [8], "
and, from experimental data, we proposed the
aspect ratio of the cathode fingers to control --mw
this mechanism. Recent results on this
statement as well as data giving a deeper
understanding of the physics of the on state FIGURE 1
are presented in this paper. Schematical structure of a test

FCTh. The 102 cathode fingers
(25 mm x 1.3mm x 395Am) form an
active area of 8mm
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FIGURE 3
FIGURE 2

On state characteristics of FCTh
SE picture of the FCTh cathode with low gate doping.
region.

3. Results and Discussion
3.1 On State
With the aspect ratio near one realized

today two different characteristics with no
gate current applied are observed: devices
with low gate doping behave like diodes
(Fig.3), while elements with higher doping
exhibit pentode like saturation (Fig.4a). Then
a small gate current is necessary to obtain a
turn on with low on resistance (Fig.4b).

Since there are no detailed simulations of FIGURE 4
the FCTh available so far, to obtain
information about this effect, the gate current On state characteristics of FCTh
has been measured as a function of gate cathode with high gate doping:
voltage and anode current. Thus it was found a) zero gate current,
that only a very small decrease in gate b) 3mA positive gate current.
potential from the on state is necessary to
extract all the holes drifting through the
bulk. Then conduction by electrons only is K
left in the cathode fingers, and long channel
JET operation results, as shown in Fig.5. G + G A

But a decrease in gate potential also may be
due to an internal bypass: high gate doping
causes high conductivity along the finger wall. + 

- + + + Pentode
Then the holes run from the bottom of the gate
along the wall, and across the p-n junction at
the top towards the cathode (ig.5). Of
course, internal and external gate currents
create a voltage drop at this wall resistor, __........._P _ _ UA
and at a certain net value of both enough holes A
will have to go through the channel again.
Thus the thyristor like characteristic of FGRA Fig.4b not really results from a four layer

structure, but from a switchover from unipolar Schematic of hole bypass created
to bipolar conduction in the FCTh's fingers, by high gate doping. This causes

unipolar JFET operation in the
cathode fingers.
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I
3.2 Static Blocking 3.3 Switching On and Off
As expected, a drastic increase in blocking Similar to our nondestructive test circuit

gain has been observed with respect to results with resistive load [8] we have developed a
published recently [8]. Now more than 1500V nondestructive test for inductive load (Fig.7).
can be blocked by -4V at the gate only (Fig.6). One test cycle then consists of four parts,
With anode currents in the aA range, the 1. FCTh and T2 are turned on, and the current
blocking characteristics still look triode through the inductor L is increasig until
like, but in the MA range they saturate very the test current is reached.
similar to that shown in Fig..4a. 2. The VCTh is turned off. Now its anode vol-

tage rises until D1 starts conducting.
3. When testing the SOA, the FCTh is switched

on again about O.5-us later. Therefore no
destruction can occur in case of insuffi-
cient turn off.

4. T1 is switched off again, and the energy
still stored in the inductor L now is
transferred to a zener by P2.

A switching result is shown in Fig.8. An
anode current of 10A is switched off at VFr=
100OV, and the anode voltage increases up to
1200V because of the 22Q resistor connected in

series with D1 . As expected from the carrier
lifetime (21s), quite a long tail is observed
during turn off. On the other hand turn on is
accomplished very fast, although there is only
a 1k. pull up resistor at the gate of the

FIGURE 6 FCTh. In fact, holes injected from the anode
during the onset of conduction first decharge

Blocking characteristics of ty- the gate. Thereby an internal feedback causing

pical Fc: rapid turn on of the FCTh is generated in
VK- OV,-1V,-2V,-3V,-4V,-SV. contrast to the miller capacitance, which is
•r slowing down the switching of MOSFETs or IGBTs.i

i +V,

.4

I 

.2L D, to i u-uIM n

-VQ "v 
IGURE 8

Switching wafeform obtained at

VA: 500V/DV, IA: 4A/Div,

FIGURE 7 
Time: 2s/Dv. 

,

Non-destruct RSA tester. 

-
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For a detailed study of the turn off process
Fig.9 is presented. Although parasitics could
not be avoided totally, four steps of the
process clarly are distinguishable:1. Ritse in gate current with constant di/dt,

accompanied by cathode current reversal,!
2. abrupt increase in negative gate voltage,
3. stop of cathode current flow and
4. increase in anode voltage with all the

anode tail current flowing along the gate. !
Therefore we conclude that during FCTh turn

off first the cathode fingers are depleted,
cmpletly interrupting the injection of
electrons from the cathode. Then the depletion
layer homogeniously starts growing from the

gate towards the anode as within an IGST, for
instance. Thus current crowding should be
minimized.

4. Conclusion
We presented an VCTh which at the first time

is snubberless switching 1O00V at 125A/cm2

inductive load. No avalanche is observed so
far indicating a very homogenious current
spread during turn off. Experimentally a
detailed design of the FCTh control structure
is obtained, showing the necessity of the
VERIGRID technology to realize FCThs. Thus,
using our advanced VCTh cascade [81, a new,
very high gain snubberless power switch is
obtained exhibiting the rudgeness of bipolar
devices and, potentially, an better switching
speed for a given on state loss than IGBTs.
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C2.4.3

ELECTRON ENERGY EFFECTS IN B-IRRADIATED POWER SEMICONDUCTOR DEVICES $

P.O. Fuochi*, A. Martelli, E. Gombia",
C. Malfatto***, B. Passerini***, M. Zambelli***

a) Istituto FRAE - CNR, Via do' Castagnoli 1, 40126 Bologna, Italy
e) Istituto IMSPEC - CNR, Via Chiavari lB/A, 43100 Parma, Italy

*) 'ANSALDO, Semiconductor Dept., Via Lorenzi 8, 16152 Genova, Italy

Fast recovery power p-i-n diodes, obtained from <111> NTD float-zone
silicon, have been irradiated at room temperature with monoenergetic
electrons at 6.6, 9.2 and 11.7 MeV. The absorbed doses ranged from 2

to 16 kGy. The complex deep level spectra, revealed by DLTS
measurements, have been related to the energy and dose values. The
tradeoff between the static and the dynamic characteristics of the
devices vs. the irradiation conditions have been investigated.

1. INTRODUCTION

Studies carried out in the past on

radiation effects in silicon have found 2. EXPERIMENTAL DETAILS

practical application in recent years, 2.1 Device Fabrication

when a great interest has developed in Fig. I shows the cross-sectional

the use of gamma irradiation and structure of a power p-i-n diode. The

particularly high-energy electrons for device is essentially a full diffused

recombination lifetime control in silicon wafer alloyed onto a molybdenum

silicon devices C1,2]. The feasibility backplate which grants the necessary

of controlling the electrical mechanical support. The silicon diodes

characteristics of power semiconductor used in this study were fabricated upon

devices by irradiation with high-energy 120 ohm.cm neutron transmutation doped,

electrons has been widely Investigated float-zone silicon (FZ-NTD). The

[3]. However, little work has been done silicon wafers, 31 mm in diameter, were

on the efficIency of electron processed through standard steps,

irradiation when using electron normally used in power semiconductor

energies in the range 5 - 12 MeV. The processing and described previously

aim of this work is to investigate the [43, in order to obtain the p-i-n

influence of 6.6, 9.2 and 11.7 MeV structure. The p+ layer is gallium

electron beam energies at different doped with a surface concentration of

doses both on the static and the i018 cr - 3  and the n +  layer is

dynamic characteristics of power p-I-n phosphorus doped to 1019 cm- 3 . After

diodes. Also reported are measurements diffusion of gallium and phosphorus the

of the dependence of the room wafers were alloyed onto molybdenum

temperature production of the energy backplates. Metallization, contour

levels inside the silicon forbidden gap bevelling and Junction passivation gave

vs. the electron energy. finished devices ready for irradiation.

This work has been supported by the Italian National Research Council (CNR) within

the Finalized PoJect 'Materials e Dispositivi per I'Elettronjca allo Stato Solidom.
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FIGURE 1 -/ JlrMlt

Crass-sectional structure of a power Graphite Charge ctoerp-i-n silicon rectifier. Collector

2.2 Electron-Irradiation

The p-i-n diodes were irradiated
at room temperature using pulses of FIGURE 2
monoenergetic electrons from an L-band
12e Schematic view of the experimental

12 eV liea aceerto. he arrangement used for electronFaccelerator was used In repetitive mode irradiation.

with pulses of 50 ns duration and.
repseition rate of 600 p.p.s. Different 952 s1 was selected. It can be varied
electron energies were obtained by over more than three decades for
deflecting the beam by means of two studying the temperature dependence of

degrees magnets and by monochramatizing the thermal emission rate. The DLTS
it by a slit placed in the maximum measurements were performed by using a
dispersion zone (Fig. 2). The resulting reverse bias of -10 V and a typical
energies fexciting pulse width of 10 s. The
we~it beam energy spread of /- 0.15 trap density Nt was obtained by usinge
Hec, The devices were irradiated with modified Zotha-Watanabe expression 5].

doss btwen 310 1  an 3x0 1 3 2.4 Electrical Characteristics
e.cm 2 . Fluxes of several 1011 The effects of electron irradiation
e-.cm 2 .s at the sample position were on the electrical characteristics of

used and this guaranteed that the the device have been assessed by
sample temperature did not exceed 50 oC measuring the forward voltage drop VF,
during irradiation. Further details on the reverse recovery time tRR and the
the irradiation process and dosimetry recovered charge eRR"

using the FricKe chemical dosimeter

have been already reported C42. 3. RESULTS ANID DISCUSSION

3.1 OLTS Spectra vs. Irradiation2.3 DLTS Measurements eLTS spectra of unlirradiated p-i-n
DLTS measurements were carried out samples (Fig. a) show only a broad

using a high sensitivity locK-In type band of electron traps centered at
spectrometer. a normat rate window of about 210 K. From the capacitance
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(Ei, E2 , E3 in Fig. 3) are clearly The ratios between the densities of

distinguishable. The El level is the these two centers, obtained on

well characterized A-center (0-V pair) different samples irradiated at 6.6,

located at 0.17 @V from the conduction 9.2 and 11.7 MeV are very close to the

band. The E2  (Ec-0.23 eV) and E3  values reported by Brotherton and

(Ec-0.42 eV) have been identified as Bradley C73 for broad electron beam

the double negative CV-Y]-- and single having 12 MeY maximum energy.

negative CV-V- charge state of the 3.2 Electrical Characteristics vs.

divacancy respectively E2,6]. From Irradiation Conditionsj measurements performed on several The forward voltage drop as a

samples we found that the concentration function of dose for the three

of these defects depend both on the different energies used is shown in

energy and absorbed dose. In fact, at Fig. 4. As reported elsewhere (8], the

the same electron beam energy, the deep forward characteristics are

level density increases with the controlled by the high level lifetime:

absorbed dose from 1.9 to 15.8 KRy the lower this value, the higher VF'
while for a fixed dose an increasing of The massive stopping power (and hence

the trap concentration from 6.6 and 9.2 the radiation damage) of the device

MeY was found. At 11.7 MeY no decreases as the electron energy is

significative variation in the defect increased E9]. Therefore the charge

introduction rate was observed with carrier lifetime is expected to be a

respect to 9.2 MeY. Moreover no decreasing function of the electron

appreciable change in the relative energy. This accounts for the

concentration of the A-center and the relationship between the electron

divacancy has been found on samples energy and VF . The same considerations

irradiated with electron beam energies exilain the behaviour of the dynamic

ranging from 6.6 to 11.7 MeV. characteristics trr and 0 rr, whose

• -- 3 E - 11.7 MV 4)

L3

d S

I I I II I I I

i I

100 150 200 250 u 84
TEMPERAT RE. K De ,o12 0/cm

FIGURE 3
FIGURE 4

DLTS spectra from float-zone, NTD
silicon samples before (a) and after Forward voltage drop VF vs. electron
electron Irradiation electron energies: fluence, at different electron
6.6 MeY (b), 9.2 MeY (c) and 11.7 MeY energies. Measuring conditions: IF=
(d)i electron dose - 3.4x10 1 2 - cm- 2  1200 A, Tj- 250 C.

(1.9 ROy In Fricke dosimeter).
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6 ' I, variation with energy and dose are

0E-66O reported In Figg. 5 and 6,
0 E 9. MYrespectively. Fig. 7 shows the VF O RR

A 13M trade-off curves a h aiuI electron energies used. The difference%
3 among these curves are not veryJpronounced. Anyway they seem to suggest

the 6.6 MeY energy are more favourable

I Icompared to the 9.2 and 11.7 M#..
4 .L

F IGURE 5 ACKNOWLEDGEMENTS

The authors are in debt with Dr. R.
Reverse recovery time tRR vs. the Mosca for the DLTS measurements.
electron fluence . at different
energies. Measuring conditionst IF- 350
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C2.4.4

Helium Implantation for Lifetime Control in Silicon Power Devices

Wolfgang Wondrak and Alfred Boos

AEG Forschungsinstitut Frankfurt, Goldsteinstr.235, 6000 Frankfurt 71

The concentration profile of defect centres in silicon induced by a -particle
irradiation, is investigated using deep level transient spectroscopy and
spreading resistance measurements. As in the case of proton irradiation, a
buried recombination centre doped layer is created in the penetration depth of
the particles. In contrast to proton irradiations, after annealing of a -par-
ticle irradiated samples no shallow donor doped layers are observed, which can
severely affect the breakdown voltage of power devices.

1. INTRODUCTION the formation of recombination centres,

High energy (>1MeV) implantation of protons proton implantation and subsequent annealing

in silicon results in narrow radiadion introduces shallow hydrogen donors which

damaged layers buried in depths >10 pm. This affect the original doping profiles of the

has been discussed as a new technology for devices. This may be advantageous in some

localized lifetime reduction in power de- cases, but for power diodes for example, a

vices, such as diodes and gate-turn-off recombination layer with enhanced n-type
thyristorsi, insulated gate transistors2 , and conductivity located near the pn-junction

static induction thyristors3.Additionally to will reduce the blocking voltage (see fig.
1). In order to overcome this problem, a

4
-particle irradiation has been proposed
In this paper, the defect distributions in

NE) proton- and in a-particle irradiated silicon
NA 101@ are compared. We show, that for localized

(Cm-31I lifetime control in power diodes a-particle

0 I I n* irradiation is superior to proton ir-

IOU ir radiation.

So0 1 I 200 2. RESISTIVITY PROFILES
I [ 0 Integral information on the defect concen-

l jtration profiles was obtained by spreading

r I v(1ii 8 1320v resistance measurements. Wacker-float-zone
.(V'c- v(, .a 9ov silicon doped with 1014 c- 3 phorphorous was

[ ID -' irradiated with protons (2-5 MeV) and a-par-

ticles (3-I MeV). After proton irradiations

,_ __ (fig. 2) and after a-particle irradiations
0 so 10 IO 200 (fig. 3). the resistivity increases. The high

x JmI - resistivity peak is always followed by a

FIGURE 1 layer with slightly Increased conductivity.

Influence of a buried n-ooped layer on the 'nese investigations have been supported
breakdown voltage of a p -n -n power diode financially by the "Ministerium fOr Forschung
(calculated) und Technologie", FRG
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FIGURE 4

Spreading resistance profkes_ fter thermal

10' anneal. Irradiation: xIO cm H * 3 MeV.
0 50 0 150 200 250 Irradiated (#1), 350C (#2). 400*C (#3)

depth (urn) The resistivity minimum corrosponds to the

FIGURE 2 theoretical projected range, which depends on

Spreading resistance proftes ffter proton the particle energy.
irradiations. Fluence: IxIO cm After 3500C furnace annealing of proton-im-
2 14eV (#1). 3 14eV (#2), 5 14eV (#3) planted silicon (fig. 4), a layer of in-

0 ----- -creased conductivity evolves in the particle

range due to the formation of hydrogen-donors
2 -jl 0~' 4, 5 Above 3500C, the doping concentration

decreases.

So'\/ I /i
C o ... . -... , ,' . . F -. .

MA 2
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los2 lo det3 0 5

10 
.  

4A

0 25 so 75 100 125

depth (pm) 104
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FIGURE 3 Depth (lm)

Spreading resistance profilli af~er a-partlcle FIGURE 5
irradiations. Fluence: xlO cm- .  Spreading resistance pro les fte thermal

3 MeV (#1), 6 MeV (#2), 8.8 MeV (#3), 11 MeV anneal. Irradiation: +x cm He , 11 rmeV

(#4), 13 MeV (#5) Irradiated (#1), 3500C (#2), 4000C (#3)
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In a-particle irradiated silicon, no such 6- -

donor fomation was observed. After annealing __s EI0K1 E1I20K2 E(1?K) EI2WOKI E250K1

at 3500C only a little "dip" in the resisti- - __

vity profile Is found (fig.5), which disap- - A
pears at higher temperatures. This behaviour 2
ay be caused by energetically deep lying

donors, reported by Yoshizawa et al 6.1_ / / ,

0 50 so 100 150 200 250 300

3. RECOMBINATION CENTRE PROFILES temperature (K)

The recombination centres were investigated FIGURE 7

using DLTS. Proton irradiation induces a DLTS-Spectrum of 16radi~ted4 -type silicon.
Irradiation: 2x0 cm" He , 8.8 HeV

variety of defects (fig.6), most of them are Space charge layer just below the particle
not yet identified7. range (61-66 IW)

The defect spectrum after a-particle ir-

radiation is very similar (fig.7), only the

signal E(220K) in covered by an additional E190K)

signal E(210K), and the minor peaks E(7OK) and 5H190K _

E(80K) are missing. The fraction of energe- u EI130K) -

tically deep lying levels, which are conside- E(220K)

red to be very effective recombination centres

is higher than in the case of proton irradia- 10- EIOWK)- i

tions. The concentrations of all proton

induced radiation defects show a marked peak

at the particle range, Rp (fig.8). The defect

concentration profiles after a-particle do - - 4

irradiation show the same behaviour (fig.9). 0 20 e0 6 80 100 120 140
depth (pmn)

The concentrations increase from the surface FIGURE 8

to the particle range and then drop rapidly. Defecnproftles after 3 MeY H+ irradiation
In this depth, the relative abandances of (3xO "  cm"), not annealed

energetically deep lying levels are much

higher, especially in the a-particle ir-

radiated samples.
3.0 E(70K EI30K) E17OK E(220K) EI260K) - :4!p

o E12K)0K)
2 _5 j E(iOK)

E(__ OK, 0 9K ....

10,2 E_13 K) ...."101. ".".....E(210K) /
O.S E(170K)

0 .. 0.0 E(260K) R
0 0 50 tO 150 200 250 30R

temperoure (K) 10"

FIGURE 6 0 10 20 30 40 50 60 70

DLTS-Spectrum of 16radiftel n-type silicon. depth (lm)
Irradiation: 3x10 cm' H , 3 MeV FIGURE 9
Space charge layer just below the particle Defect profle aftfr 8.8 MeV He++  ir-
range (96-100 lxn) radiation (2x0 " cm- ), not annealed
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4. CONSEQUENCES FOR POWER DEVICES 5. SUMMARY

Proton Irradiation is a versatile tool for Our results indicate, that a-particle ir-

localized lifetime control in semiconductor radiation is a promising technology for

devices. The formation of hydrogen-donors in localized lifetime control in silicon devices.

proton-irradiated devices (about 4xlO14 cm"3  Because of the higher damage rate compared

for IxlO 2cm"2 implant dose) inevitably leads with proton irradiation, smaller particle

to changes in the doping level and may thus fluences are necessary for a given switching

affect the blocking capability of power behaviour. Furthermore, the fraction of deep

devices in an undesired way. recombination centres is remarkably larger ina

Application of a-particle irradiation enables -particle irradiated silicon.

the creation of buried recombination layers This technology enables the creation of buried

without this doping effect. recombination layers without undesired donors.

The consequences are shown for power diodes: In this way, the dynamic properties of power

Two groups of pnn+-diodes with junction depth diodes were optimized without sacrificing

of 50 om and 1360 V blocking voltage were ir- their blocking capabilities.

radiated with 3xIo 12cm"2 protons at 2.25 MeV

energy (corresponding to the example of fig.1) 6. ACKNOWLEDGEMENTS

and with 3x1011cm"2 a-particles at 8.8 MeV The irradiations were performed at the "Insti-

energy respectively, in order to create the tut fur Kernph,'sik", Frankfurt. The authors

maximum damage in about 10 Mrn below the wish to thank W.-D.Nowak, D.Silber and

junction in both cases. For thermal stabili- B.Thomas for valuable discussions.

sation the devices were annealed for 1/2h at

350 0C. The forward voltage drop was 1.76 V REFERENCES
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the a-particle Irradiated diodes remained at and R.F.Dyer

1360 V, the blocking voltage of the proton IEEE EDL-6(5), 224(1985)
irradiated diodes degraded to 960 V.

3. T.Kushida, H.Tadano, S.Hashimoto,

M.Takigawa, I.Igarashi and J.Nishizawa

Conf.Rec.IEEE Ind. Appl.Soc.1986, 372

4. W.Wondrak and D.Silber
.... Physica 129 B, 322 (1985)

Li[ 5. Y.Ohmura, Y.Zohta and M.Kanazawa§ ~ .... ...... 1.72
' Sol.St.Comm. 11,263 (1972)

2....... .. 6. N.Yoshizawa, M.Miyake and H.Harada

: __• ___: _________ J.Electrochem.Soc.131(2), 453(1984)

time (lus/div) --s 7. K.Irmscher, H.Klose and K.Maass

J.Phys.C: Sol.St.Phys.17, 6317(1984)FIGURE 10

Reverse recovery of a-particLe irradiated (1)
and proton-irradiated (2) pnn -diodes with the
same forward voltage drop. TjZ250C
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OAS4.I Isolation Techniques in Power ICs with Vertical Current Flow

R. Zambrano, G. Ferla, S. Musumeci, MI. Paparo

S G S Microelettronica s.p.a.
Stradale Primosole, 50 - 95121 Catania (Italy)

The increse in the range of standard bipolar ICm.

applicationsm of today's lCm is directly

rela Led to Lte fabrication of devices 5 VERTICAL JA/no?

which can both withstanid higher voltages ITUI.E

and handle larger currentsm. 0.5 \STD

This can be accomplished either by ICS
oJ

improving Lte performanues or Lte 0.05
standard ICU, or by utiizing

"itelligent" power transistors, e.g. 20 5010 200 500o0oo

monolitLhically integrating the power VCB0 - V
stage and a low voltage contLrul Figure 1

uircui try. Current denisi ty vs.* open base breakdown.

To operate successfully in Lte high

VliLAnpere range, Lte power stage must A p-type buried layer is realized to

have a vertical current flow and in inoulaLe Lte isingle cumponeriLs from each

therefore built on lightly doped ni-type othef~ and froma the power patrt (fig. 2),

layers. It is possible to realize this is nuL an easy task due Lo the fasL

vertical power stages with either a "out-diffusion' of Lte boron towards Lte

single insulated collector (or drain) device surfaces.

transistor, or- with many transistors

isharing a commoni collector (drain.)

The vertical curreiit flow allows Lte #h;_-

best exploitation of the Si area, since .
it maximizes Lte currentL denwi ty, unlike

Lte stuadard ICs, where Lte currentL Clow

akes a U-turn.

Figure I shows Lte difference betweent

Lte two structures. * Figure 2

The technology described in this Vertical PIC imolation structure.

*paper takes advatague of the better

performances of the vertical. structure Figure 3 shows two dopantL uoncentra-

tranosstrs together with the well known Lion profiles along a vertical section

low cost and design flexibility of passing Lthrough the two buried layers.

653



20- low voltage transistor breakdowns wind

' 81 
thus a bargain betweena these two

isS The solution cannot be round by

14 inoreasing or decreasing the boron

concentration; indeed, more sophisticate

5 0 15 20 technique s have been developed.

DEPTH4,mn Three solutions are possible, they

Figure 3a can be utilized separately or ill

comb ination :

20 - inncreasing the concentration or the

* up per epitaxiwi layer,

0 adding a lower dose or phosphorous

16 in Lte n-type buried layer,

14- placing ant additional epilayer

F between the two buried layers.

10 20 30Each or these techniques is aimed at

DEPTH ,m a given voltage range :it is not

Figure 3b possible to increase Lte conCentration

or Lte upper epilayer ir a very high

Before the upper epitaxial growth the breakdown voltage is needed, nor- is it

Sb (or As) and Lte B have already been possible to space apart Lte two buried

dirrused at high temperatures '(3a), Lte layers ir a low voltage device has to be

ratio between the surface concentrations made.

is large. Arter the epilayer growth slind The evaluationt or Lte junction

Lte isolation dirfusion, however, tihe isolation in standard ICs is done by

situation changes O3b.) The B dirfuses considering three parameters, namely the

out raster than Sb and at Lte interface current. gain or Lte lateral npln

between the n-type epilayer anid the parasitic transistor N1 (whose emitter,

ri-type buriled layer theiz- concentrations cullector anid base are two adjacent

are similar.

This poses Lte problem that the boron P

concenratLli in the region between the

surface and Ltne ni-type buried layer hnas N
to be smaller than Lte sum or Lte n-type r
impurities in order to avoid the

apperan,_-e of phaintom layers.

In addition the punch-trougn voltage

or the p-type buried layer should be Figure 4

higher than the sum or the power aind the Parasitic trannitors inn PIC.
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epitubm and the isolation region, Bc 90
respeutively), iL. uolleutor-bace P.T >900V
breakdown (shorted eaiLter), and its 0.00

punuh- through voltLage.

In the PIC shown,. two additional

parasitic Lranmimtorm (one npn and one

pnp) must be taken into account. Their 1 0

emitter, base and uollector are, Figure 7

respeutively :PI current gain.

1) Lhe two buried layers and the

n-type substrate (N2), and the two buried layers shows a curretL

2) Lte base of Lhe power stage, the gain larger Lhan the unity.

n-type subsLrate and the isolation As previously explained the boron

region (Pl.) concentration catnut be increamed, but

These three transistors are indicated it must be mentioned that the p-type

in figure 4, figures 5 to 7 show their buried layer is always reverse biased

DC uharacterimtics. Only the npni so that this npni transistor is normally

transistor whose emitter and base are off.

0.4-

10 D Figure 8

pA PIC die (26 sqmnm.)

Figur-e 5

NI current gain. These isolation teuhniques have

Va, IOOV/iV

5

T I I a r ,2 /i

Ic MATOEM 0.5pas/iv

Figure 6 Figure 9

N2 current gain Collector voltage/currentL crossing.
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already been lopleuaunLed Oft praLioal PIC (upLisised sroundingl uctLworUk, power*

deviuam having a darlington power uLage geomeLry) allow% a 26 sqat die Lo~

and a uotaLrul aide driven by logb., level drive a 450 V / 5 A load (DC uLur)

inpuLu Mdi. 8.) wiLh at awiLuhting mpeed ins excewe or

A proper layouL designa of Lhe dev.&ue 1000 V / maiuroseu (rig. 9.)
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P2.2.1

I THE SMALL-SIGNAL BEHAVIOUR OF POLYCRYSTALLINE-SILICON MOSET's

A. Gnudi, P. Ciampolini, R. Guerrieri, M. Rudan and G. Baccarani

Dipartimento di Elettronica, Universiti di Bologna
viale Risorgimento 2, 40136 Bologna, Italy

Abstract

In this paper we investigate the small-signal properties of polycrystalline-silicon MOSFET's
by means of a newly-developed device-analysis program. The physical model of the grain-
boundaries includes both donor and acceptor energy-distributed traps and accounts for
time-dependent carrier-storage. The above phenomena are shown to be responsible for
anomalously-large parasitic capacitances, which can seriously affect the transistor dynamic
behaviour. Moreover, the admittance matrix turns out to be strongly non-reciprocal, and
an equivalent circuit is identified characterized by a transadmittance with an imaginary part
up to 3-4 orders of magnitude larger than the oxide admittance.

1. Introduction was achieved by idealizing the polycrystalline-uilicon
film by a number of equal-size grains, with strictly two-

Polycrystalline-eilicon thin filhn transistors (TFT's) dimensional grain boundaries where a large amount of
are currently investigated as active elements in liquid- both donor and acceptor traps was accommodated. We
crystal flat-pa, el displays and as a possible alternative believe that the same approach, even without trying
to silicon on insule.tor (SO) MOSFET's. In order to to fit any experimental data, can help in understand- -

overcome the problems of TFT's, such as low carrier ing some remarkable capacitive effects which can neg-
mobility, high leakage current and large threshold volt- atively influence the dynamic behaviour of the device.
age, which are of major concern for dynamic applica- In the next section the small-signal model of the
tions, a large effort has been devoted to improve the grain boundary is discussed, while section 3 is dedi-
quality of the film. Hydrogen passivation has resulted cated to the polycrystalline-silicon MOSFET simula-
in reduced density of grain-boundary traps, while zone- tion. Conclusions will follow in section 4.
melting recrystallization has been identified as a key
process to increase the grain size. However, the overall 2. The small-signal model of the grain boundary
electrical performances are not fully satisfactory, and
are stiff essentially influenced by the large amount of The grain boundaries are treated as strictly two-
traps at the grain boundaries, dimensional interfaces, where both acceptor and donor

The switching properties of TFT's play an impor- traps with energy distributions N (Es), Nit(d) (Et),
tant role when the drivers of the liquid-crystal transis- respectively, are accommodated. The above states in-

tor array are integrated onto the polycrystalline-silicon fluence the electric potential distribution because of
film. In this paper we investigate the dynamic be- the trapped charge; on the other hand, according to

haviour of TFT's by using a two-dimensional device- Shockley-ReadHall statistics, they enhance the gen-
analysis program, HFIELDS, developed at the Univer- eration-recombination rates, which, in turn, are re-

sity of Bologna. The program provides steady-state, Iated to the time dependent modulation of the trapped

small-signal and transient analysis, does not impose charge. By defining nit = nit(Et) the trapped-electron

any restriction on device geometry, and can handle dif- density at the level Et, c. and cp the capture probabil-

ferent semiconductor-semiconductor or semiconductor ities, e, and ep the emission probabilities of electrons

insulator interfaces, allowing for both donor and ac- and holes, respectively, the physical model is described

ceptor interface states. The latter, in turn, can be by the following set of partial differential equations
either monovalent or energy-distributed; thus the pro-
gram can realistically simulate polycrystalline-silicon divD = q(p - n + N) + pit 6(r - ri) (1a)
devices. In (11 it was shown that the simulation re-
sults by HFIELDS can qualitatively interpret experi- 8ns 1

mentally observed phenomena such as the large thresh- at q
old voltage and the transconductance degradation in .p + 1
subthreshold and strong inversion. The above result t q divJ = (0- R),,8(r -r) (ic)
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= (N - ni,) - enit - .pn, + ,p(N,, - nit) j;) ben the steady-state value given by

(Id) _ ,,_ + _ _p_
comprising Poson's equation (1a), carrier-contInuity f() .(n + ) + + p) ()
equations for electrons (ii) jnd holes (1c) and the
detaied-balanc equation for the trapped charge at theenegy eve S,(ld. I (l), ,,(~t)= N( s(B, + and 4, Pi the complex numbers representing the AC
energy leviel Et (1d). In (1d). N,,(Et) = Nj~(R) + variations of the carrier concentrations; r is the charac-
Ni 1(Et), = e .,si, ep = eppi, with ni = j expl(E- teristk time-constant of the trapping-detrapping mech-
B x)/kT], = nexp[(E1 - Et)/kT], E, being the in- anism.
trinsic Fermi level. Carrier transport is based on the The dependence of At on wr is responsible for the
drift diffusion mechanism, as in standard single-crystal anomalous capacitive behaviour of the grain bound-
devices. Among non-standard terms, pit is the inter- ary. In a former analysis of a silicon bicrystal, Sea-
face-trapped charge density per unit area, ri denotes ger and Pike identified an anomalous low-frequency
the it h interface region and (G - R)j, , (G - R),, are capacitance effect due to the trapped-charge induced
the net generation rates per unit area for electrons and modulation of the barrier heigth which develops at the
holes, respectively. Remembering that the acceptor grain boundary under non-equilibrium conditions 13).
states are negatively charged when filled, and the donor Similar results were obtained in [21 by using the above
states are positively charged when empty, we have model of the grain boundary. Such an effect can be

explained as follows. When a sinusoidal signal is ap-
plied to the bicrystal, an out-of-phase modulation of

Pit =qf IN(,d) (1 - it) - N(t ) f ,] dES (2a) the trapped charge ., = -qN.if,, with fi given by
ia, (4), follows. This induces an out-of-phase modulation

of the potential barrier via Poisson's equation and since
a. the current flowing across the barrier is an exponential

(G - R),. e.N,,[(n + ni)f, - nj dEt (2b) function of the barrier height, its out-of-phase modula-
(.) tion gives rise to a large capacitive current proportional

to the d.c. current. Under equilibrium conditions, due
to symmetry reasons, no change of the trapped charge

(G - R)ip = fpNititp - (p + pi) fit] dEt, (2c) occurs, and the above effect vanishes; therefore only
-' the capacitance term related to the depletion region

around the interface is measurable. When the oper-
fit(Et) = nit(Et)/Nit(Et) being the occupation prob- ating frequency is well above l/r, the trapped charge
ability, cannot follow any more the input signal, thus causing

Notice that the above equations fully account for a dispersive effect of the capacitance curves.
the time-dependent carrier storage effect. Integrating The analytical model by Seager and Pike is based
(d) over the energy gap and using (2) we can write on the thermionic theory. However it has been shown

that also the diffusion approach leads to the same expo-

-p= = (G - R)j5 - (G - R)ip, (3) nential dependence of the d.c. current density on theq t barrier potential, only the pre-exponential factor be-

which clearly shows that only in steady-state the gen- ing affected. Moreover, the diffusion approach is most

Seration-recombination rates for electrons and holes be- appropriate for small barriers at low doping densities,
tio-romeeq ala n yste ()oreeons o thesndar when kT/qEa,=. > A, E,,.. being the electric fieldcome equal, and system (1) reduces to the standard at the interface and A the mean free path of the car-form usually adopted by device-analysis programs. rim. Both model rely on some simplifying asump-

* The general solution of the above equations pro- tions: uniformiy doped crystals, abrupt depletion ap-v ideo Vo, n, p, fit as a function of time over the device.viTh detk of n ueriasasfun tion imenover the devie. o proximation, negligible minority carrier contribution to
The details of the numerical solution in the case of the current density. In TFT's the situation is even

signal analysis are given in [2). Inthe same work more complicated by the effect of the transverse electric
it vras shown that, letting $fit = Re [ft exp(jwt)) be field induced by the gate, and by the rapid variation of
the variation of fit when a sinusoidal signal of angular the electron concentration in the channel region normal
frequency w is applied to one electrode, the following to the semiconductor-axide interface. The numerical
expressions hold approach followed here removes all these limitations,

-jw) hence it is believed to provide reliable informations on
I + (W')2 (4) the dynamic behaviour of the currently investigated

devices.

r = c.(n + n,) + c,(p + p')i-', (5)
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3. The polycryetalline-Ullicon MOSFET While CGs and CoD are strictly related to the ox-
The mesh of the simulated polycrystalline-silicon ide capacitance, all other components of the equivalent

MOSFET having a channel length L = 6 t mM and a circuit essentially depend on the trapping-detrapping

film thickness t, = 0.2 um is shown in figre 1; all processes at the grain boundaries; therefore they dia-
the grains are I Am long. The density of the inter- play the same dispersive properties as the bicrystal

when the operating frequency varies in the range of
face states is 10 12cm- 2 eV-1 at midgap and increame h ui rqece.Ti isoni iue6 hrexponentially toward the band edges. This U-shaped the audio frequencies. This is shown in fig=r 6, where
energy distribution i consistent with several experi- it is evident that Cm and CSD remain constant up to

enery dstrbuton i cosisentwithsevralexpri- 1KHz, for given values of the drain and gate voltages.
mental results based on different techniques 141. The Frhih fre i es oth caaitand an te
distributed-line AC equivalent circuit is sketched in fig- For higer frequencies, both capacitances drop and the

ure 2. Here, G(Vo) and C(VO) represent the equivalent effect of the traps is no longer evident.

parallel conductance and capacitance associated with . Conclusions
each grain boundary along the channel.

A small change of the gate voltage modulates the We have shown in this paper that the modulation
parallel capacitances C(Vo), thereby generating an out of the barrier height which occurs at the grain bound-
of phase current flowing along the channel. The result- aries of polycrystalline silicon MOSFET's as a conse-
ing capacitance CSG, i.e. the current flowing out of quence of the AC charge storage, is responsible for ex-
the source contact following a change in gate voltage, tremely large CDG , CSG and CDs values, which neg-
turns out to be extremely large, and not related to the atively affect the dynamic behaviour of the above de-
oxide capacitance. Thus, CSC >> CGs (as the gate vices. The admittance matrix turns out to be strongly
current must always flow across the distributed oxide non-reciprocal. Such a behaviour can be fully described
capacitance) and a strongly non-reciprocal admittance by an equivalent circuit which is characterized by the
matrix results. This conclusion is demonstrated in fig- presence of the transadmittance Ym = Gm + jwCm,
ures 3 and 4, where CGs, COD, C8 0 and CDG, normal- where Cm can be extremely high compared with the
ized to the oxide capacitance, are represented against oxide capacitance. Such an effect, however, disappears
the drain voltage for a given VG. It should be no- at sufficiently-large operating frequencies, at which the
ticid that CDG is negative and nearly equal to -CsG, trapping centers do not respond to the small-signal
The same figure also shows Csr, and CDS which, as variations of the electric potential and carrier concen-
opposed to the standard MOSFET source-drain and trations.
drain-source capacitances, are both positive and large
(up to some 1,000 times the oxide capacitance) as soon REFERENCES
as the drain voltage exceeds approximately IV. As the
capacitances associated with the boundaries are in [1 R. Guerrieri, P. Ciampolini, A. Gnudi, M. Giber-
ries, the total capacitance is dominated by the smallest toni, M. Rudan and . Baccarani: "An investi-
one. Finally, the oscillations in the curves are likely to gation on polycrystalline-silicon MOSFET oper-

be due to the small number of grains constituting the Conference on Simulation of Semiconductor De-
silicon thin film.

The lumped-element equivalent circuit is shown in vices and Processes, Swansea, U.K, July 1986.

figure 5, where CGS , COD and CSD are the same as [2] A. Gnudi, P. Ciampolini, R. Guerrieri, M. Rudan,

before, Go is the equivalent conductance between drain G. Baccarani: "Small-signal analysis of semicon-

and source, and the current generator Ym V 0s is the ductor devices containing generation-recombina-

result of the non-reciprocity of the admittance matrix. tion centers", NASECODE V Conf., June 1987,
Notice that Ym = Gm + jw Cm, w being the operating Dublin.

angular frequency, is a complex number representing [3] C. H. Seager and G. E. Pike: "Anomalous low-
the transadmittance of the MOSFET. Since we have frequency grain-boundary capacitance in silicon",
only four linearly independent terms in the admittance App!. Phys. Lett., vol. 37, pp. 747-749, 1980.
matrix, given CSD, COD and Cos, the capacitance Cm [41 H. C. de Graaff, M. Huybers and J. G. de Groot:
is uniquely determined by one of the following relations "Grain boundary states and the characteristics of

lateral polysilicon diodes', Solide-State Electron-
CDS = Cm + CSD ics, vol. 25, no. 1, p. 67-71, 1982, and references

therein.
CSG = C. + CGS

COD = Cm + CDO

as can be inferred from the figure.
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Fig. 2: Equivalent circuit of the polycrystalline-sUilicon Fig. 5: The lumped-element equivalent circuit of the
MOSFET under non-equilibrium conditions. polycrystalline-silicon MOSFET. Y. = g + jwCm is

the transistor transadmittance.
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P2.2.2

UIMPROVED DEITERMINATION OF SURFACE MOBILITY AT MOSFETS WITH THIN GATE OXIDE

iW. Soppa, H.-G. Wagemann

Technische Universitat Berlin
Institut far Werkstoffe der Elektrotechnik

Jebensstr. 1, D-1OOO Berlin 12, West-Germany

We propose an extraction procedure to determine the surface mobility of NOSFETs
based on the drain current equation after Pao and Sah. This model is extended to
consider short channel effects and the charge of interface states in nonequilibrium.
At low drain voltage the calculated drain current is compared to two-dimensional
simulation results. Excellent agreement is found for samples with oxide thickness
down to 20 nm even for MOSFLTs with channel length of submicron dimensions.

Extracted mobilityvalues are in good agreement with experimental results of time-
of-flight measurements and are found to be independent from oxide thickness. At low
oxide thickness the surface mobility extraction using the charge sheet model leads
to remarkable different values.

I. INTRODUCTION of Pao and Sah [3) which is compared to two-di-

Electrical characterization of scaled semi- mensional simulation.

conductor devices is indispensible for the de- Results from n-channel MOSFETs fabricated

velopment of VLSI circuits and technology. One under different processing conditions are pres-

of the most interesting quantities for MOSFLTs ented and compared to experimental data of time-

is the drain current as function of gate and of-flight measurements. The difference in ex-

drain bias. Its calculation requires a reliable tracted values of surface mobility compared to

mobility model which should be able to consider those frr the standard extraction procedure

all important influences on surface charge are' discussed.

transport: doping as well as surface roughness,

parasitic oxide and interface charges. For the 2. EXTENDED DRAIN CURRENT MODEL

evaluation of such a model it is essential to Pao and Sah (3] have formulated the drain

get meaningful experimental results for differ- current of a MOSFLT in the gradual channel sp-

ent processing conditions. proximation. By defining the effective surface

A widely used extraction procedure is calcu- mobility averaged over all channel carriers n

lating the surface mobility from measured MOSFET

dc transfer characteristics by using the charge x c 9i(p)'n( dp

sheet drain current model (see e.g.[1]). It has f g(x)n(x)dx f

been shown (2) that this model fails at low gate o_ ___ 0_ _S dx

fields near threshold especially when analyzing ef =  
c nBn xd)

devices with thin gate oxide. This is due to f nS dx
0oP dx

assuming the gate capacitance equaling the con-
stant oxide capacitance Cox which is too strong with p being the semiconductor potential, and
a simplification. restricting to the case of low fields parallel

ao hsimplification.d inerac (ha

In this paper we present an improved extrac- to the silicon-silicondioxide interface (that

tion procedure for evaluating the surface mobil- means low drain voltage), the drain current may

ity at MOSFLTs especially with thin gate oxide. be written as

It is based on the extended drain current model
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q UDS B B( - lyzing quasistatic capacitance of MOS-varactors

10S f so(% dkpdK (2) and is empirically approximated [5], (7] by
'D =Zq ni8L Dilef f 3 f fs

0 i i to os (is-) (6)
L01 is the Debye length of the intrinsic smi- it 0 c (6

conductor, 8 = q/kT, (% is the bulk potential t , Ot and (P are fitted to experimental
and Z, L, q and ni have their common meanings. dat . As long as Oit() is a slowly varying

date Aseuliru asuco is(p isve ablyy aynThe nonequilibrium F-function is given by function, the following approximation of eq.(5)

F(9,&) = sign(q-)'e -) -e(
- ) + e holds

0 vs-E (7)

+ F •- ( ) Qit (( ' ) =' f it((p)d# - q' r D it(p)d cp
KK (P 0 0

FKK represents the short channel factor and This is shown in fig. 1.

will be discussed later, for long channel de-

vices FKK =1. The nonequilibrium potential .

is determined by the difference between hole and o ° = s.10w (eVcm2 _1
electron quasi Fermi potential. The sur (  =m'

tential 95is determined by the voltage drop = o@costh .0sytm2 01 Vcmr
0.0

- Co [sc~g5,') + Uf + 0it~qS, ) ] + %iSq .2 OV O2

p - substrate
QF is the fixed charge, Qit the charge of inter-

-. 51

iface states and N the work function differ- -.. . 5 0.0 ,I .5 I .5,,

ence. These quantities are frequentily combined Surface Potential EV]
to the flat band voltage.tFor the purpose of modeling real MOSF ITs FIGURE 1

proprly twoimprtan exensins re rquied. Charge of interface states versus surface poten-
proprly twoimprtan exensins re rquied. tial calculated after eq. (5) (solid line and

The first one is a model for the charge Qi of eq. (7) (dotted line) for D.t after eq. (6).

interface states in stationary nonequilibrium.

SAs has been found (4], (53, donor type inter- The second extension of the model deals with

• face states 0 it are mainly located in the lower short channel effects. The charge sharing effect

i half and accepter type interface states 0i (8] is considered in the calculation of the

Smainly in the upper half of the silicon bn~gap. F-function (eq.(3)) by introducing the short

Therefore, the charge of interface states is channel factor FKK which is calculated after

given by Fichtner and Patzl (9]

Qi()=q f D(p) fp)dqI-9r~7~? . l ~ ~ ]

- 'e

(5) .3

fnpis the occupation probability of traps with / 2osi,
electrons or holes, respectively T6]. The den- xdO = WUD 0+t r

.25

sity Dit((9) of interface states in the siliconA

bandgap is determined experimentally by 0n-

4 V l2l



UO is the built-in potential and xj the source In fig. 3 the extended Peo-Sah model is compared

and drain junction depth. As shown in fig. 2, to two-dimensional calculations done by the de-

the charge sharing effect influences the trans- vice simulator MINIMOS for different channel

fer characteristics of a MOSFLT mainly in weak lengths. In both models the surface mobility is

inversion, because in strong inversion the ion- set to the bulk value in order to suppress dif-

ized impurities play a minor role in determin- ferences in drain current caused by different

ing the charge balance and field distribution mobility models. Excellent agreement is found

in the device. for devices down to submicron dimensions of

channel lengths.10-'

10- 3. EXPERIMENTAL RESULTS OF EXTRACTED SURFACE

-10* MOBILITY

bO-5NMOS and PMOS samples have been fabricated in

t' 1V standard Al-gate and poly-silicon gate technolo-

a 1 0 20um gy with typical device dimensions of 100 nm oxide

_, = 0,2 thickness and 2 gm junction depth as well as in

is 10 N = , _ scaled poly-silicon gate CMOS technology with

, /2 0 0.3 pn junction depth and 36 nm or 20 nm oxide

10 . ... thickness, respectively. MOSFLTs with varying

-.5 0.0 .5 1.0 1.5 channel lengths of I to 20 pn were used to deter-

Gate-Source-Voltage IV] mine the effective channel length and series re-

sistance 110] and a large geometry MOSFET and

FIGURE MOS varactor with Z x L =(600 rm)' were used for

MOSFL transfer characteristics calculated after capacitance measurements and determination of
the Pao-Sah model (line a) and by considering oxide c it
the charge sharing effect eq. (8) (line b). o harge Qf and density i of interface

states. The doping profile was determined from

pulsed capacitor measurements and backgate bias
to-' variation.

to- " The surface mobility was determined from

0-  .measured transfer characteristics of MOSFL~s

: 10-' with low and Dit at low drain voltage using

i0-" the extended Pao-Sah model. Fig. 4 shows results

U plotted versus the effective gate field as in-

a: L 1,16/ l troduced by Sabnis and Clemens [Il] for devices
r 10 A: L = um with different values of oxide thickness. The

o-*' I experimental data are very similar to those de-

to- I ,m in g I. I- ... . I . .. I termined from time-of-flight measurements [12]

-.5 0.0 .5 1.0 1.5 even for devices with 20 nm oxide thickness.

Gate-Source -Voltage [V)

FIGURE 3

Extended Pao-Ssh model (solid line) compared to
results of MINIMOS (symbols) for devices with
geometries of fig. 2.
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14. CONCLUSIONS
1000. 0

of interfacestates and short channel effects is

useful for extracting the surface mobility from

measured MOSFLT transfer characteristics. The
* ~ 00.O0

results are comparable to time-of-flight mess-

400.0 urements. Even for short channel devices mean-
*oo d, = 36nm ingful surface mobility values can be determined,

2r 0 oad= = 20 nm
200.0 0 . aas shown by comparison to two-dimensional simu-

Ln lation.

0.0 ........ .... .......... The extraction procedure leads to results
10, l10 10a

El d 1O* which differ from those determined by use of
the charge-sheet model especially at low oxide

FIGURE 4 thickness. As a result of applying this improved

Extracted surface mobility for MOSFLTs with dif- procedure it is found that mobility data eval-

ferent values of oxide thickness (symbols) com- uated from MOSFETs with varying oxide thickness
pared to time-of-flight data (solid line) do not depend on this parameter.

A comparison of the presented extraction REFERENCES

procedure to the standard method using the

charge sheet model is shown in fig. 5. While [ l] Sze, S., Physics of semiconductor devices,Wiley & Sons, (1981) 440

at sufficient high gate fields the evaluated

mobility values are the same, at lower fields [2] Sodini, C.G., Eckstedt, T.W., Moll, J.L.,
Solid-State Electr. 25, (1982) 833-841

near threshold a remarkable discrepancy can be

realized. This difference becomes evident at [3] Pao, H.C., Sah, C.T., Solid-State Llectr. 9

low oxide thicknesses. In this case, the stand- (1966) 927-937

owxid e ticnpees. nthi ase the sand-us [4] Knoll, M., Braunig, D., Fahrner, W.R.,
ard extraction procedure may lead to erroneous ILEE Trans. NS-29, (1982) 1471-1482

experimental data for the surface mobility.
[5] Kampf, U., Wagemann, H.-G., IEEE Trans.

1000.0 LD-23, (1976) 5-10

a [6] Shockley, W., Read, Jr. W.T., Phys. Rev. 87
800.0 (1952), 835-842

. 0. (7) White, M.H., Cricchi, J.R., IEEL Trans.GO. D-19, (1972), 1280-1288

c400.0 (8) Yau, L.D., Solid-State Electr. 17 (1974),

1059-1063

,200. d 20rn [9] Fichtner, W., PStzl, H.W., Int. Journ.

Electron. 46 (1979), 33-55

0.0 [10] Terada, K., Muts, H., 3ap. ourn. Appl.
104 10 lo" Phys. (1979), 953-959

Effective Gate Field lVicm [11] Sabnis, A.G., Clemens, J.T., IEEL Tech.

Dig. IEDM (1979), 18-21
FIGURE 5

Extracted surface mobility date determined by (12] Cocper, Jr. J.A., Nelson, D.F., Journ.

the extended Pao-Sah model (symbols) or stand- Appl. Phys. 54 (1983), 1445-1456

ard extraction procedure (solid line).
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P2.2.3

Mobility Model for Silicon Inversion Layers
I

A.J. Walker and P.H. Woerlee

Philips Research Laboratories
5600 JA Eindhoven The Netherlands

The room temperature low field mobility of electrons and holes in silicon inversion layers has been studied to
improve the mobility modeling. Samples with gate oxide thicknesses between 10nm and 50nm and surface
doping levels of up to 4.5 x 1017

cm
-

3 have been used. Three scattering mechanisms were considered and an
accurate mobility model, derived from these, will be presented.

INTRODUCTION high gate drive.

The fabrication of sub-micron metal-oxidesilicon (MOS)

transistors has become of major importance in recent yeas. MOBILITY

Consequent problems have arisen in attempting to model The clea aim of this study was to obtain a model for

the mobility of the charge carriers in the channels of such the low source-drain field mobility which could describe the

devices. In many instances, empirical models have been used mobility over a larger range of the effective field than could

and have been effective in describing many devices. How- equation 1. As has been done elsewhere [5), the mobility was

ever, the advent of sub-micron transistors has shown the derived by considering three mechanisms which are believed

presence of certain weaknesses in these models. to dominate the scattering of charge carriers in inversion

This paper presents a physically-based mobility model layers. These were (i) Coulomb scattering, (ii) Electron -

for the carriers in the inversion layer of MOS transistors phonon scattering and (iii) Surface roughness scattering.

derived from considering three mechanisms involved in the, In this analysis, the following notation is used: T is the

t scattering of charge carriers in a surface inversion layer. As absolute temperature, QN is the mobile channel charge per
has been done elsewhere [3), both the resultant derived and unit surface area, QB is the bulk charge per unit surface
measured mobilities are presented as functions of the effec- area, a and b are constants, and e, in the permittivity of

tive normal field experienced by the carriers, a method which silicon.

has led elsewhere 11 to an empirical relation known as the For simplicity, a constant value, go, is used for the Coulomb

universal curve which is independent of oxide thickness scattering. For electron - phonon scattering, the prediction

and surface doping density. This relation is defined by: from theory (see 121 and references therein) is:

/ (F= .es aT-(QNI3 + Q9) -  (2)

with C1 in the range between -0.20 and -0.33. E and is..
Surface roughness scattering, according to theory (see

are parameter, value of which can be found '' reeecs n1I,]by.h floig eain

Plots of this curve have been made in Fip I and 2 along

with the measured mobility from certain devices to be de- ., = b(QN/2 + QB)- 2 (3)

scribed later. As can be seen, the mobility fall-off at high As has been previously stated, the mobility is presented

fields is not followed by equation 1. Unfortunately, this is as a function of the effective normal electric field E.f! ex-
precisely the working region for MOS transistors with gate perienced by the carriers in the inversion layer. The depen-

oxide thicknesses in the neighbourhood of 10nm and with dence of ;.If on surface charge can be estimated by the use
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of Gaus's Law in one dimension, giving Type N,1 to, po k 1
(cm-) (nim) (cm 2V-'s1-) Vs-1

E ( + ) (4) NMOS A 5 x 101" 20 1659 5 104
2 NMOS A S x 1016 30 1478 6.80 x 1014

NMOS A 5 x 1016 40 1492 7.15 x 1014
With equation 4 in mind, the carrier-phonon and sur- NMOS A 5 x 1016 50 1467 9.01 X 1014

face roughness mobilities can be approximately expressed NMOS B I x 1017 10 1227 5.51 x 1014

NMOS B 2 x 1017 10 998 7.40 x 1014
respectively as: NMOS B 3.5 x 1017  10 1137 5.93 x 1014

pap = (5) PMOS i-iX 10 41 2.01 xiOPMOS 2 x 1017 10 457 2.29 x 1014
., A (6) PMOS 1x 101 10 296 2.12 x 1014

where k, and k2 are constants with respect to EI .

Matthiesen's rule was used to combine the three mobili- can be found in the paper by Sodini et.ai (4].

ties. i.e. Measurements were carried out using an HP 4140B pA

I = I + I + (7) meter/dc voltage source with the samples housed in a light-
A ISO pp tight, electrically-shielded cabinet.

This gave the net mobility which can be expressed as follows:

P0

1+iE +&sEoff (8) RESULTS

where p0, 01 and O are three fitting parameters, since k, Fig.1 shows the results of measurements carried out on

and k2 cannot be derived theoretically. These can be deter- the series A NMOS samples. For comparison, the "univer-

mined from a fit of equation 8 to experimental data. Note sal" curve (equation 1) has also been drawn in. As can

that 81 = po/kl and 02 = jA/k 2. be seen, this empirical relation fits the data well for effec-

tive fields below 6 x 1OVcm - 1 but cannot follow the mobil-

EXPERIMENTAL PROCEDURE ity degradation at higher fields. Fig.2 shows measurements
made on the series B NMOS samples. As before, equation

Measurements in this experiment were carried out on

1 has been drawn in and is seen to fit the data for effective
large (20 pm x 20 pm) MOS transistors with n-type polysil- fields below 6 x 106Vcm - ' but again does not reflect'the
icon gates, and large (200 im x 200 pm) MOS capacitors.

mobility degradation at higher fields.
The substrate material was 20 fl-cm p-type 100 silicon for Fig.3 shows fits of equation 8 to data from two NMOS
NMOS and 12 fl-cm n-type 100 silicon for PMOS. For theNMOSand12 &m atype100silcon or MOS.Forthe samples with different oxide thicknesses and surface doping
NMOS case, the gate oxide thicknesses in the range between smpes Ithidifferent oxide ses anwsurfae cdopindensities. In this case, it can be seen that the new physically-
2Oam and ohm (series A) were grown in dry oxygen at based model fits the measured data over a much wider range950C while those with l0nm (series B) were grown at 900C

than does equation 1. That is, the mobility degradation at
in a diluted oxygen/nitrogen mixture (10% oxygen by vol- high fields is incorporated into the new relation. It was
ume). For the PMOS case, all the gate oxides were of lonm found that relative deviations between the fit and the data

thickness and were grown as for the series B NMOS samples. were smaller than 2 percent i.e. within the measurement

All samples were given a pot-metallisation anneal in

accuracy. Note that the fits in Fig.3 differ slightly even forforming gas at 450C for 30 minutes. A summary of the
fields below 6x 1O'V/cm. This may be due to the second

samples used can be seen in the table which includes data to

sample having a much larger surface doping density and thusbe explained later. N,,.!. is the surface dope concentration
a smaller mobility in this region due to Coulomb scattering.

in the channel region determined from using the simulation
The weak dependence of the mobility on E.If observed

program SUPREM3. for E,! < 6 × 105 Vcm -1 indicates that phonon scattering is
The method used to experimentally extract the mobility
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10s 10 2

104 10J 00 to, 106 10

E f (V/cm) E, 1  (V/cm)

Fig.1 The measured mobility with gate oxides in the Fig.3 : Fits of new mobility model to measured NMOS
range 20 nm - 50 nm (series NMOS A). The solid line is the data. The solid lines are the fits and the symbols, the data.

universal curve. E, = 2.6 x 10V/cm, IA.,z = 927cm2/Vs, ( I : t0 f = 50rm,n.1 rf = 5 x 10ecm;O =

C 1  = 0.22 1 : t × 0 m 
- 

=
)

(0 : 20nm, 0.: 30nm, +! 40nm, A : 50nm) l0nm, n.urf = 2 x 1O'7CM3)

influence the mobility. In the measurements carried out for

1ot this paper, there was a systematic decrease in mobility with

decreasing oxide thickness. This could be tentatively ex-

*plained by assuming that the thinner gate oxides have more-

surface roughness.

An interesting point to note is that equation 8 could

be fitted to the results from different samples by taking a

constant value of e2 i.e. a constant value for k2 for all

the samples. The value for k2 for the NMOS samples was

104 10S 10' o different to that for the PMOS samples. If k2 was fixed at

E. 11 (1/Cm) 6.5 x 104cm/SV-1/
3 s8- for the NMOS samples and 1.3 x

,04cm/ 3V'i/s - 1 for the PMOS samples, then the values

for P0 and k, needed for reasonable fits over the measured
Fig.2: The measured mobility with gate oxides of 10 nm

(series NMOS B). The solid line is the universal curve with E,1 range can be found in the table. Fig.4 shows a fit of

Ec = 2.6 x 104V/cm,pus, = lOlOcm3/Vs,Cl = 0.31 equation 8 to PMOS data from the last sample in the table
The surface dope concentrations are as follows:

() : 1011cM -3, a : 2 x 101 Tcm- 3 , + : 4.5 x 101 7cm -3 with the values for the parameters given. This suggests that

carrier - phonon scattering gives rise to the "universal curve"

dominant in that region. It can be said that the magnitude type of expression as in equation 1 and is independent of the

of the scattering in this phonon-dominated region depends device except for it being N or P type. Fig.5 shows plots of

only on the charge distribution in the inversion layer and equation 8 for a typical NMOS and a typical PMOS with

not on the details of the oxide growth. values for the parameters given in the caption.

The stronger decrease in the mobility for E.f! > 6 x

10sV/cm indicates that surface roughness scattering becomes CONCLUSIONS

more influential in this region. In this region of E,!!, the In summa 7,, it can be seen that a fairly simple physically-

details of the oxidation process used to grow the gate may
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P2.2.4

LEAKAGE CURRENTS IN LOW TEMPERATURE PROCESSED POLYCRYSTALLINE-SI TPTs

1

S.D. BROTUERTON, N.D. YOUNG, A. GILL

Philips Research Laboratories, Redhill, Surrey, U.K.

The influence of plasma hydrogenation on the leakage current of n-channel poly-Si TFTs
has been examined. With low temperature processed devices, the major effect has been
the suppression of gate controlled hole currents as a result of the Increase in
carrier generation lifetime. This has also resulted in a complementary increase in
optical sensitivity.

1. INTRODUCTION The thickness of the poly-Si layer used in the

There is presently considerable interest in transistor body was O.Zi and the source and

the performance of IGFETs fabricated from drain regjions vere doped by phosphorus ion

poly-crystalline silicon both for 3-D implantation. The gate dielectric thickness

integrated circuit applications (11 and for was 0.l5um and the TFT channel width was 5Ouma

addressing elements in liquid crystal displays with 10=m channel length.

(2]. The technologies investigated for these

applications have differed principally in the 3. RESULTS

technique used for the gate dielectric. In the The poly-Si grain diameter was -700A and

former case it is usually grown by conventional given that the poly-Si was undoped it is fully

thermal oxidation whereas for the latter depleted in the absence of any externally

application both high temperature growth and app 'lied potential, -with an intergrain potential

low temperature deposition have been barrier of -kT. The conventional model of

Investigated. One common feature in most of grain boundary traps assumes a neutral level

this work has been the use of plasma near mid-gap which would make the material

*hydrogenation to passivate grain boundary intrinsic. In confirmation of this, the

*trapping states and thereby improve the activation energy of the leakage current

transistors on-characteristics. In the work minimum has been measured to be 0.66eV, which

presented below, whilst illustrating the is just greater than half the band gap enthalpy

improvement in the on-characteristic of low of 1.2eV within the measurement temperature

temperature processed TFTs, we will be range.

concentrating upon the effect of the Typical TIT characteristics before and after

hydrogenation on the off-characteristic or plasma hydrogenation are shown in figure 1.

device leakage current. Two distinct changes can be seen to have

occurred:

2. SAMPLE FABRICATION i) as is commonly found, the TFT on-

The devices used in this work were auto- characteristic showed a considerable

registered n-channel poly-Si TrTs fabricated improvement in both the sub-threshold

thus employing a deposited gate dielectric. (3.2V),

ii) the gate voltage dependence of the

off-current was markedly reduced.
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The strong variation of drain current with

negative gate bias in the non-hydrogenated ID

sample can be best understood by reference to (A) - - -

the ID-VD characteristic in this regime. 10-6

This is shown in figure 2 and a linear - -

variation of ID is seen over a range of VD

until a superlinear regime occurs, the onset of 
10Ta10.rsV

/ 5V

which occurs at lower values of VD as VG N Af/

increases. This more rapid rise of drain , -

current with drain bias occurs only with 1 I I

negative gate bias and previous examination of -30 -20 -10 0 10 20 30 40 50

this effect [3) has ascribed it to field VG (V)

enhanced generation at the induced p-n junction

at the drain. Negative gate bias will produce FIGURE 1

a hole rich region at the surface of the TFT TFT transfer characteristics before and after

and the linear ID-VD characteristic plasma hydrogenation. (-hydrogenated,
-unhyd rogenated).•

suggests an ohmic hole current 
between source

and drain. This is, at first sight, surprising

since the device is contacted by non-injecting

n+ regions; however, if the lifetime within the 10-9- VG  20V

material is sufficiently low, then the hole o  .- OV//

generation rate can be sufficiently large to (A) 0O

sustain an ohmic hole current in high I coo

resistivity material. A hole current with

negative gate bias has further been-confirmed

by observing the change of sign in the Hall slope =1

coefficient in a Hall TFT as the gate was swept

from positive to negative bias. The condition 10-12 _ ,__..__.. ...

for supporting an ohmic hole current in the 1010 101

device, is that the drift current can be V (V)

maintained by a generation current. Taking

initially the case when the material is 
FIGURE 2

ID-VD characteristics of the TFT in theintrinsic (assumed to be at the mn off-state for a non-hydrogenated device.

conductivity point) then the hole drift current

is V

Jdh - q1JPi-L- (D)

(asauming Un = Mp - U)

and the generation current Is
P1

J - q P A (2)

(Ax is width of generating
region and T is the
the generation lifetime)

672



and the maximum generation current will be when The IV-VD curves after plasma

Ax = L. Therefore the condition for the hydrogenation are shown in figure 3 for

current to be drift current limited and not VG - -5V and VC - -20V. For VG - -3V, a

generation rate limited (as in a normal p-n linear IDr-VD curve was found up to

Junction) is that VD I 2V, but unambiguous saturation of the

VD current ea seen thereafter, until the

qU pi L < q P- L (3) previously referenced breakdown occurred.

The lifetime estimated from this curve Is

- 1.3xlO0Bs. The effect is even more clearly

i.e. < (4) seen with the VG - -20V curve in which
t.VD current saturation at a level equal to that for

or T < ttr where ttr is the carrier transit VG - -5V was found for VD 9-0.5V. What has

tine. happened is that the generation lifetime has

An upper limit to the lifetime can be been increased by the plasma hydrogenation so

estimated by assuming that the minimum current that the breakdown of the inequality in

in the ID-VG curve occurs when the layer is equations (4) or (5) is seen at reduced values

intrinsic up to the surface. In that case, if of VD; and as 1 is increased (by increasing

we assume that the free carrier density is VC to -20V) so the drain bias at which the

n+p i and that Un - up, then from equation (1) hole current saturates at its generation rate

a value of 32 cm
2
/Vs is obtained for the limit is correspondingly reduced. In this

effective mobility of the intrinsic carriers, generation rate limited regime, the TFT off-

Substituting this into equation (4) with VD

of 10V gives T < 3ns. iV G -20V

The argument can be extended from the ID

intrinsic case to one in which a hole inversion (A)

layer is formed at the surface and equation (4) 16-,
0  v

changes to

pi2
p tr ! ( .

where p is the mean hole concentration in the 10-12 j . I , , , ..

inversion layer. Equation (5) is more 10 "1  100 101

demanding upon lifetime than equation (4) and VD (V)

it is clear that there must ultimately be a FIGURE 3

value of p for which the inequality is no ID-VD characteristics of the TFT in the

longer satisfied and the current becomes off-state after plasma hydrogenation.

generation rate limited. Indeed, in figure 2

there is a range of VD over which the slope current will be determined by the generation

of the ID-VD curve drops below unity for lifetime, and increasing this value will reduce

VG - -20V, indicating the incipient departure the leakage current. Interestingly, for the

from a drift limited current. sample shown here, there is actually a slight

-crease in the minimum current and this is

probably due to an increase in carrier mobility

due to a reduction in grain boundary

scattering. However, other differently
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prepared devices showing a greater change in 4. CONCLUSION
lifetime have correspondingly displayed a Plasma hydrogenation has been shown to

reduction in minimum coeductivity. Increase the generation and recombination
One consequence of an increase in lifetime lifetime# of carriers in low temperature

within the material is an expected increase in processed poly-Si Tls. In non-hydrogensted
the optical sensitivity of te device and this TTs the generation lifetime was sufficiently
is shown In figure 4. This is a plot of the low to lead to ohmic hole current flow between
photocurrent as a function of white light uon-injesting contacts in n-channel devices.
iV-ar, aton intensity for oevieos with and The effect of the plasma in incrersing the
without plasma hydrogenation. The photo- lifetime was to cause the leakage current to
currents are 3-4 times higher in the former become generation rate limited and thereby
device Indicating a lifetime increase of reduce the influence of the gate potential on
comparable magnitude. the hole leakage current. The increase in

carrier lifetime was further confirmed by the

concomitant increase in the optical sensitivity

6.0- of the leakage current.

x10-10
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state with illumination intensity for hydro-
genated and non-hydrogenated devices.
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DEVIMWP T OF 0101 CUPATIBLE P-CHANNEL JUNCTION-FIELD-IFFBCT TRINISTOR
FOR VERY OWV NOISE APPLICATIONS

D. btuch, R. Skapa, H. Vogt and G. Zimmer

Fraunhofer-Institute for Nicroelectronic Circuits and Systems
D-4100 Duisburg, FRM

0OS compatible Junction-Field-Effect-Transistors (JFZTs) for very low
noise applications with different transistor layouts have been developed
and tested. The 1/f-corner frequency is below 1 kiz. An equivalent
noise voltage density of 1 nV/)F4z at 100 kz was achieved. The transistors
were applied as discrete elements in the inputstage of a transimpaedance
amplifier for plumbicon tubes. A total signal to noise ratio of 55 dB has
been measured.

1. INTRODUCTION

During the last decade VLSI circuits have Beck Se t. Dral"Soe Smurce teO n

gained a stage of development towards high

reliability, high density, lov power

consumption and high processing speed. However

some applications in the field of analog signal

processing additionally require very low 1/f

noise, which can hardly be achieved by single

Nos transistors. Since low noise

specifications can be performed such easier by

JFRTs than by NOSFETs C21, it is reasonable Back

just to replace the MOSFITs by JiETs in VLSI Soutce Sae Dues

applications where low 1/f noise is important.

In the following sections development, testing

and application of CXOS compatible JFlTs with

low noise characteristics are presented.

2. DIVILOPIIT OF C00 COMPATIBLE JTS b.

2.1. Technology

Figure 1 represents a cross-section of a

JMIT. I-well formation, active area processing

and gate oxide deposition are due to our Figure 1 Cross-section of a JFET with two

standard 0(0W process I]. P-channel different process sequences.
a.) using PtSi/TiN as ohmic contact to

implantation with boron requires one additional the metal layer

photomask. The implantation energy (150 KeV) b.) using phosphorous doped poly-
silicon as ohmic contact to the

and dose (Boron 1.101 2ca-2 -5.101 2cm'2) control metal layer

675



the threshold voltage UT , maximm drain current stripe type JFK! layout. therefore parasitic

IDfax and maximum transonductance g x. capacitances resulting from backgate junctions

Topgat and source-drain regions are patterned are also reduced by the same amount.

by two different ways in Fig. la. and Fig. lb.

[2, 31. In figure la. the topgate area is
defined by one additional photomask and opened n+-topgate and backgate-contact

via gate oxide etching. Afterwards polysilicon

is deposited and doped with phosphorus. te n*+ p+-drain p+-source
junction of the topgate is formed by
outdiffusion of phosphorus through the topgate

area into the p-channel. The polysilicon is

patterned by a photomak which is also required

for the NOS-transistors. The source-drain

regions of the JFM! and of the
PKNO-transistors are doped simultaneously. In n-well
Fig. lb. topgate and source-drain xegions are . . . . .

p-substrate
patterned by formation of polysilicon spacers. •....t.r.. .

The topgate area of the JF'I and the
source-drain regions of the NOS-transistors p-channel a.

are simultaneously doped. In order to reduce

parasitic capacitances between the topgate and

the channel regions, the polyspacers are n+-topgate and backgate-contact

removed after the implantations. Since the
junction depth of the source drain regions is p -drain p+-source

rather flat (0,3 it) particular attention has
been paid to the metallization level. In order

to avoid aluminium spiking and to get a low

contact resistance between the junctions and

the metallization a triple metal layer

PtSi/TiX/Al has been used. Details of the

metallization layer are reported in [31. n-we . -

2.2. JFK! layouts p-subatrate

Figure 2 represents two JM layouts which

have been realized. Both layouts are composed p-channel b.
of several subtransistors which are connected

parallel in the metallization layer. While the

source-drain regions are arranged like squares
on a chessboard in Fig. 2a they have been Figure 2 Characteristic JFKT layouts

a.) Chess board-type JFKT
designed as parallel stripes in Fig. 2b. b.) stripe-type JFET
Although the overall W/L ratio is about

2000/1.5 in both transistor layouts, the active

area of the chessboard type JF2T is reduced by

30 % with respect to the active area of the
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3. RESULT Measurements of the equivalent noise voltage
Figure 3 displays the output- density have been perfoarmed using a AP 3583A

characteristics of a stripe type JIM. Pig. 3a spectrum analyzer with a low noise cascade
show that a maximum drain current of :3 m& is preamplifier (Pig. 4). For the J13 nr
reached at zaro gate-source bias. The test the operational point was fixed to
transconductance amounts 22 NA/V at this point. ID2'lOaki gwl4MA/V and V1a-7v. noe noise
As can be seen from Fig. 3b. the channel is measurements have been corrected for the noise
pinched of f at 2.8 V. The output of the measurement equipmeant. The corrections
characteristics of the chessboard type JilTs is were in the order of 10 t. pig. 5 represents
very similar, the spectral noise voltage density of a stripe

type JMl. The 1/f-corner-frequency is below I
kiz in Pig. 5. The thermal noise of the stripe

____________________type 371 is typically 1 nV//Ku at 100 kim.

-21- wu wye

Ig (mAl ill . n/m-
- 23 B150 k~t output

0 -1 -5 -10..... .....

VgIVI 1 .(JFET)j

30a.

.. .. . .. .

21- \-21

g.ImI Igm~l FIT=* 4 Setup of the noise-measurement-
U 2equipment wih parasitic

3 3 noise-sources.

0t f- J0
os 3

VON) b
to -- IONA

*14.4Nab*.

Figure 3 Output-characteristics of a stripe-
type 371.

a.) Drain-source current versus drain-
source voltage

b.) Transoonductance (-) and drain
current (- )versus gatel-source
voltage. UI234 IS& inmNINN

lee. f I Hal

figure 5 Noise behaviour of a stripe-type
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This value agrees rather vell with calculations

from [5]: +vq

dV from
df *OWN pkgrca

The thermal noise of the chessboard type JilT is A i

. about a factor of 1.4 higher. This behaviour may
be referred to the transistor layout in Fig. 2, Aft bias

where the topgate diffusion areas of the

subtransistors are organized in a network. Each
diffusion area is an ohmic resistance producing
thermal noise according to the Nyquist formula Figure 6 Application of a JFET with low

noise characteristics in a
dV preamplifier for plumbicon tubes.

and transits it to neighboured subtransistors.

In principle the sam situtation holds for the
stripe type JFRT. But there the noise

contribution from one subtransistor is only Ell G..immer CNOS-Technologie, Oldenburg 1982
transmitted via a linear line. The overall [2) 1. Sanses Nuclear Intrument and Methods
effect is that in the case of the chessboard A253 (1987) 427

type JFETs noise in much more correlated and [33 . Vogt Nuclear Instruments and Method&
therefore increased than in the case of the A253 (1987) 434

chessboard type JFET. [41 1. Vogt, G. Zimuer, E. Stein, Esderc 1985
The stripe type JilTs were applied as discrete
elements in the input-stage of a transipedance E53 H. Vogt, V. Gruber Essderc 1986

amplifier for plumbicon tubes (Fig. 6). The
overall signal to noise ratio in this
application is 55 dB. This value is limited by

* the gate-source capacitance which is about 10

pF. In order to reach a signal to noise ratio of

60 dB, this capacitance has to be reduced by at

least a factor of two. This can be done by

lowering the doping concentration in the channel

region.

4. CONCLUSIONS
Development of p-channel JFETs was presented.

Different transistor-layouts have been realized

and testet. J iTs with a stripe type structure
provide the best results with respect to noise

characteristics. Even better results are

expected from n-channel JilTs.
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P2.2.6

STATISTICAL MEASUREMENTS OF PMOS SUBTHRESHOLD CURRENT
FOR 1.3 TO 0.5 MICRON CHANNEL LENGTHS

T. Ternialen d'Ouville, R. Basset, D.T. Atom, 8. Ravezszn,
P. Delpech, 0. Moi, M. Pidl, B. Minghettl and H. Mingun

Centre National d'Etudes dee T66communications,
Chemin du Vieux Chtne, SP 96, F- 38243 Meylan.

The threshold voltage and subthreshold current of micron and submicron PMOS devices
have been investigated for both a classical n - well and a retrograde n - well process.
The two processes show similar threshold voltage characteristics down to 0.5 micron
but the subthreshold current is much improved for the retrograde process.

1. Introduction: 2. PMOS Process and Devices:

It is well known that in N + polysilicon gate The *classical* n -well process has the maximum

technology, both N-channel and P-channel FET's n -well concentration at the surface and decreasse

require P-type implants in order to produce the monotonically into the bulk silicon. A typical
proper threshold voltages for VLSI applications, phosphorus Implantation was 3.3x10 12

Although PMOS devices are less sensitive to breakdown atoms/cm 2 at 180 keV with an anneal temperature of

and hot carder effects than the NMOS devices, the 12000C. The retrograde n-well process used a high

buried channel PMOS devices are particularly affected Implantation energy of 900 keV (p2 + at 450 keV), a

by threshold voltage lowering and Increased dose' of 5x10 12 or 7x10 12 atoms/cm2 with a lower

subthreshold current [11. anneal temperature (1000 to 10500C). This yields the
peak of the concentration profile ... a depth of about
1 micron. Typical dopant prc",!w are given in

Various methods have been proposed to Figures 1 and 2 for the source/drain regions, the
prevent this degradation In PMOS performance such as boron channel implant for threshold adjustment and
double implantation to create weakly retrograde wells the n -well concentrations.
121, implantation of punchthrough stops i1l, or the
use of strongly retrograde n - wells [3]. All these
methods have the same basis, that is to Introduce All the measurements reported hare were made on
more charges into the device to slow the expansion of devices of designed gate lengths of 1.0 to 1.5
the drain depletion region Into the channel region. microns and widths fixed at 50 microns. During

processing, either polysllicon or silicon dioxide
spacers were used to lessen the lateral straggling

This paper presents the thrshold voltage and during implanttion and diffusion of the source/drain
shehld curent chapracess fndcomares the Implants into the channel region. The effective gate
reslsith n-wel ofSretrograde process .adcprlength could be varied by overetch of the polysilicon

results with those of a retrograde n -well process.gaeorviton fth spcsadte
gate, or varition of the spacers and the

source/drain diffusion. The electrical lengths of
the PMOS devices were 0.3 to 0.8 micron less than
the designed length on average.
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20. 3. Rasults and Discussion:

Classical
So The threshold voltage was measured for the

E classical n-wall PMOS devices and the results for
.-- drain/souroe more than 300 devices are presented In Figure 3 as a

18 "function of the electrical length. This figure shows
0 the well - known threshold voltage degradation - as the

C- -_ . Vt adjust electrical length is decreased, the device becomes
Vt a justmore difficult to turn off. It can be s own fro mi

18 - . n-well Figure 3 that the threshold voltage s only a weak

" = functin of the length above 0.5 micron. It is thus
reasonabl to assume that this process could produce

a controllable threshold voltage for an electrical

length of 0.5 micron.

14 '
0 1 2 3

Depth (microns) The threshold voltage results for the retrograde
n-well PMOS devices are shown In Figure 4.

Figure 1 Basically, the retrograde n-well gives the same

Classical n-well process. Concentration profiles for results as classical n-wll down to 0.5 micron. The
boron doped drainisource region and threshold voltage retrograde n- well has not yet been studied below 0.5
Implant, and phosphorus doped n-well as calculated by
TITAN process simulator. micron and It Is not clear whether the two processes

20- _ _would have the same threshold voltage behaviour.

- Comparing the variation of threshold voltage, it Is
Retrograde obvious that the retrograde n-well yields a larger

E - spread In the data. This is probably due to the fact

om that the surface doping concentration for the
018 ... drain/source retrograde n-well Is more sensitive to process

Vavarlation due to the large concentration gradiento Vt adjust
-- "near the surface.! o

J n-well -0.2

0 Classical
, ,. -0.4,

£ 0

0CC

14 '- "-0.6-"3Q°

Depth (microns) -1.0 -q 0% ©  • a
0 0

Figure 2 01 2
Retrograde n-well process. Concentraion proflsE
for boron doped drain/source region and threhold Electrical Length (microns)
voltage Implant, and phosphorus doped n-well a
calcuted by TITAN process simulator. (for n - well Figure 3
imlant of 7x1012 and Vt SAu Implant of 7x10 1 1  PMOS threshold voltage as a function of electrical

length for the classical n- well process.
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-0.2. Choosing an arbitrary minimum acceptable current

Retrograde of 10 - 9 A (20 pA per micron width) limits
"-0.4 device lengthe to about 1 micron for the classcal
- well. Although the effects of threshold voltage and

-0. subthreehoW current are not completely separable, It

appear. that subthreshold current is a greater

-0.8 problem that the threshold voltage which could be
0. -

ycontrolled to about 0.5 micron.

-1.0
-2-

0 1 2 3 .
Electrical Length (microns) - Classical

CL
E -4.

Figure 4 <
PMOS threshold voltage as a function of electrical 0 0o
length for the retrograde n -well process. (for the ma
profile concentrations given in Figure 1).,_ -6a

The subthreshold current was measured with 0

volts on the gate and a sourcldraln voltage of -10 -8 * .

volts. Since !he PMOS devices normally performed 0 5

weal, such a large drain/source voltage was needed in * b, aO O-10 , , w '
orer to create currents larger than the automatic 0.6 0.8 1.0 1.2 1.4

test equipment lower limit of lx1O- 10 A. The Electrical Length (microns)

current characterisitics for the classical and

retrograde n-wells are given in Figures 5 and 6 Figure 5
respectively. Subthreshold current (Vds- -10 volt and Vgate-0 volt)

for classical n-well process. The solid line
represents the results from 2D simulator JUPIN.

The curve in Figure 5 can be characterized by

three regions. For lengths greater than 1.1 micron,

the current is limited by the measurement system. -2'

From 0.8 to 1.1 micron, the current varies -*, Retrograde

exponentially with electrical length. For lengths .L

lees than 0.8 micron the current appears to < *
O o

saturate. " am
o -6 ° a

The subthreshold current has also been simulated -

with the TITANIJUPIN 2D simulator 14,51. The P %a 0

simulation results are shown as the solid line in -8

Figure 5. These simulations have shown that, as % a

expected, the subthreshold current path is about 0.2 -1 . . , . -, i a a

micron into the bulk silicon. Also, the simulations 0.6 0.8 1.0 1.2 1.4

and experience indicate that the exponential Electrical Length (microns)

dependence of current on length is the standard drain
induced barrier lowering (DIBL). The region of

current saturation Is in fact a resistive region were Figure 6
Subthreshold current (Vds- -10 volt and Vgte-0 volt)

the barrier has been completely destroyed by the for retrograde n -well process.

drain voltage.
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Table 1.

Process Dose Boron DosePhospo It Vt( L- lu) Slope Lelec tlx10-9 Amp.
(atoms/cm 2) (atomscm2 ) (volts) (decadmcron) (microns)

classic 5.5x1O11  3.3x10 12  -0.87 -21 t 1 1.06±0.05
(ply i .
classic 5.5x10 1 1  3.3x10 12  -0.86 -18±1 1.07±0.07
(SIO2 spacer)
retrograde 4.0xl 01 1  5.0xl0 12  -0.84 -23:2 0.85±0.06

retrograde 7.0x10 11  7.0x10 12  -0.87 -2012 0.82±0.10

The subthreshold current measurements for the 4. Conclusions:

retrograde n -well in Figure 6 show only the DIBL

region and no saturation or resistive region. The For the PMOS processes presented her the

resistive region probably occurs for gate lengths reduction of dimensions is limited by subthreshold

less than those studied here. The DIBL region of

Figures 5 and 6 are important in describing how the curentoad ot soguch bte degion of
drain depletion region extends into the channel, threshold voltage. Retrograde n-well devices offer a
Thideplei region a een ndsedr vtous pce. gain of 0.2 microns In gate length or for the same
conditions and the results are presented in Table i. gate length, almost 4 orders of magnitude decrease in
Fonitior s both he retrog a pas d I w lel .subthreshold current at high values of drain voltage.For both retrograde and classical n -well processes,

the current at Vds- - 10 volts increaes by about 2

decades per 0.1 micron decrease in gate length.

However there is a significant shift in the

subthreshold characteristics. On average, the use of

the retrograde n -well permits a decrease of 0.2 References:

microns in gate length to give the same current. [1] Odanaka, S. at al, IEEE Elec. Dev., ED-33
(1986) 317.

[2] Chem, K.M. and Chiang, S-Y., IEEE Elec. Dev.,
ED- 31 (1964) 964.

The simulation results for the two processes 131 Lai, F-S.J. at al, IEEE Elec. Dow., ED-33
showed that in both cases the subthreshold current Is (1986) 1308

very sensitive to the n-well doping concentration. 141 Belhaddad, K., Corbex, C. and Poncet, A.,
NASECODE IV (1985) 193.

For example, a 10% decrease In the classical well 151 Gerodolle, A., Martin, S. and Marrocco, A.

concentration would cause the current to Increase by NASECODE IV (1985) 287.

about one decade. For the retrograde n -well, it is

not yet determined whether the concentration gradient

near the surface has any effect on device performance

or whether the improvements observed are due entirely

to the increased doping concentration. Although
retrograde n - wells have be promoted mainly for

improving latchup immunity and reducing the extent of

the well regions (31, it Is seen in this work that

the retrograde n -well has a beneficial effect on

subthreshold current characteristics u well.
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P2.2.7

INVESTIGATION OF THE Al-ULTRATHIN Si0 2-Si SYSTEM BY COMPARISON OF

THEORETICAL AND EXPERIMENTAL CURRENT-VOLTAGE CHARACTERISTICS

Bogdan IAJKUSIAK, Andrzej JAKUBOWSKI and Alfred SWIT

Institute of Electron Technology,
Technical University of Warsaw,
Koszykowa 75, 00-662 Warsaw, Poland

Parameters of the Al-SiO2-Si(n) system with oxide thickness in the range
from 2.5 nm to 4.5 nm are determined by fitting theoretical to expe-
rimental current-voltage characteristics. The Si-SiO2 barrier height
decreases while the electron effective mass in SiO and the oxide effec-
tive charge increase with decreasing the oxide thic ness.

1. INTRODUCTION experimental works based on analysis of tunnel

There is a great interest in properties of current suggest that Xc decreases with decrea-

the metal-ultrathin SiO2 -Si system. Firstly, it sing the oxide thickness Ee.g.3-5].

follows from the fact that this system is the It is the aim of this work to draw conclu-

basic element of MOS type devices employing the sions on the dependence of some physical para-

tunneling effect as MOS switching devices, meters of the Al-SiO 2-Si system on oxide thic-

solar cells, bipolar transistors with tunnel kness from fitting the current-voltage charac-

emitter. Secondly, the flow of too large tunnel teristics theoretically determined to the expe-

current between the gate electrode and semicon- rimental ones.

ductor substrate limits the trend existing in

the MS/VLSI technology to decrease the gate- 2. EXPERIMENTAL

oxide thickness. This limitation is especially The MOS diodes were fabricated simultaneous-

important for application of MS structures in ly except the ultrathin oxidation process.

DRAM cells because the correct transistor Phosphorus-doped and (100) oriented silicon

action was observed in transistor with gate wafers of 2.7 Licm resistivity after chemical

oxide of thickness even 2.5 nm [1]. cleaning and final etching in dilute HF were

Because of an existance of the transition steam oxidized at 1000 °C to form the field

layer at the oxide-silicon interface with com- oxide layer. Then the windows of 390 pm diame-

position and properties different from the bulk ter were opened in the field oxide by photoli-

Si0 2, parameters of the MOS system with oxide thography. The wafers were oxidized separately

layer several times thicker than this transi- (but together with control wafers) in dry 02 at

tion layer are expected to depend on the total BOO "C with 5-min preheat and 10-min final

oxide thickness. Literature data concerning the annealing in argon ambient. The oxidation time

Si-SiO2 barrier height Xc generally confirm an was varied (in sequence: 22,15,9,4 and 1 min)

existance of such e dependence but scattering to give various oxide thicknesses. Immediately

of experimentally obtained results is large. after oxidation the oxide thickness was mea-

According to the internal photoemission measu- sured ellipsometrically on the control wafer

rements the barrier height in the case of (results: 4.5, 3.9, 3.4, 2.9 and 2.5 nm) and

ultrathin oxide of thickness 4.3 rn is the same the wafer for further processing was loaded to

as for "thick" oxides [2]. On the other hand, the vacuum system. After coMpliting the whole
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series of oxidation processes the Al film was Here Egi is the insulator band gap, F. i the

resistively evaporated simultaneously on all electric field in the insulator region andcC1, 2

wafers. Then, the Al electrodes were formed by arccos (01,2/Egi)1 2 . 0 1,2 are the barrier

photolithography, the oxide was removed from heights Eci-Ex at the turning points xI and x2,

the back side of the wafers and Al back con- respectively. The image forces are neglected as

tacts were evaporated, it is suggested in [8]. Therefore, the real

The I-V characteristics of the diodes were potential barrier is modelled by a trapezoidal

measured without any electrical forming. They barrier.

were stable and reproducible on the wafer pro- The tunnel current between the metal and

vided the diodes were good from the beginning interface traps is calculated by adding the

of the measurement, contributions from discrete traps levels Eit of

arbitrarily assumed density Nit(Eit) [9]:

3. SHORT CHARACTERIZATION OF THE MOEL JsT(Eit) = q Nit

The model used to produce the theoretical tt t - fm)Ir

I-V characteristics is a result of compromise wherer T is the tunneling time constant.

between simplicity and accuracy of the descrip-

tion [6]. In order to avoid numerical solving 4. RESULTS

of the transport equations in the semiconductor Fig.1 shows the measurement points of chara-

region the description of it is based on the cteristics representative for respective oxide

assumption of constant position of quasi-Fermi thicknesses. The total tunnel current in the

levels across the semiconductor space-charge Al-SiO 2 -Si(n) system is dominated in the whole

region. The Seiwatz-Green's description of this bias range by current of electrons tunneling

region with the deviation of the hole quasi- between the metal and silicon conduction band.

Fermi level from the bulk Fermi level as an The number of parameters affecting this current

additional parameter is used. The densities of is large, especially for the reverse bias dire-

tunnel currents between the metal and allowed ction, where the potential distribution in the

energy bands in semiconductor are calculated structure can be additionally affected by non-

from the one-dimensional integral formula. For equilibrium conditions for minority carriers.

example, the electron tunnel current is given For oxide thicknesses ti > 3.4 nm there is a

by: voltage range where the slope of reverse chara-

E x max cteristics increases what means that the inver-

JCT = q P(Ex) N(Ex ) dEx sion layer forms in the semiconductor surface

j region. For t < 3.4 nm the thermal generation

0 1
processes in the semiconductor are not effec-

where Ex is the electron energy component asso- tive enough to maintain this inversion layer

ciated with the motion normal to the barrier and the surface region is still in deep deple-

plane, N(E x ) is the "supply function" defined tion state due to the tunnel outflow of holes

in C7] and the tunneling probability P(Ex ) is to the metal electrode. To avoid considering

expressed by WKB exponential factor using two- the balance between the fluxes of minority

band barrier model with one average effective carriers and to limit in this way the number of

mass mi: parameters, fitting was performed for positive

bias direction, where the semiconductor surface
_ e 2 2m 1/2 E in44- .n ̂ 4 44 region is in the accumulation state. Additiona-

P= exp{-2(--q) isin4  sin4--+A lj lly under these conditions the interface traps

charge variable with voltage is much smaller
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than the accumulation layer charge and does not shape of characteristics for these two oxide

influence electrostatically the potential dis- thicknesoes even when the image forces and

tribution in the structure and hence, the elec- different electron and hole effective masses in

tron tunnel current. Similarly, the I-V charac- SiO 2 were taken into account. In order to

teristic of the structure in the accumulation obtain the required shape of characteristics

state does not depend also on the value of for diodes with oxide of thickness below 3.9 nm

impurity concentration assumed in calculations, the barrier heights had to be reduced in compa-

It is easy to prove that the potential barrier rison with values typical for "thick" oxides.

shape and position of the electron Fermi level We assumed simultaneous reduction of all bar-

at the interface, which together determine the rier heights so as to maintain constant value

current of electrons tunneling from the semico- of the metal-semiconductor work function diffe-

nductor conduction band to the metal, do not rence. To obtain measured levels of current,

change with the impurity concentration at a the effective mass mi had to be increased with

given gate voltage in the bias range of strong decreasing the oxide thickness. In order to

accumulation. estimate the oxide effective charge Qeff' fit-

ting was also done for the points of characte-

I-*Mej.ff 2Sfns ristics (marked by crosslets ) for which the
x--theory* 3n surface potential is equal to the Fermi poten-

tial. The oxide effective charge also had to be

increased with decreasing the oxide thickness.

lee 9Fig.l shows also a result of exemplary fitting

W" . to the characteristic of the diode with oxide

4 . ti=2.9 nm in the whole bias range, for which

10 r .. the interface traps density Dit=4.1l cm- eV I

idO had to be assumed.

Fig.2 shows the values of Xc  m. and Qef

obtained from fitting as a function of oxide

I9 * thickness.

VOLTAGE IV) 2102
ML )(yeV] gl

FIGURE I me

The experimental and theoretical current- 0.6-3.0 0 X 1 "

voltage characteristics. .00

0.5--2.0 11
Fig.1 shows the results of theoretical cal- - m1/r.

culations (solid lines). It was not possible to

fit all characteristics by changing only oxide 0.-. 0

thickness. The characteristics for ti=4.5 nm
and 3.9 nm were obtained after assuming the Si- 03 10

0 1.0 2.0 3D0 4.0 5.0
SiO2  barrier height Xc=3 .05 eV, the Al-SiO 2  OXIDE THICKNESS t inm]

barrier height 0 -i3.2 eV, the insulator bandmi
gap E gi=8.64 eV [I0 and the average two-band FIGURE 2

effective mass in the SiO 2 mi=0.39 m0  for Values of the Si-SiO barrier height X ,

t.=4.5 nm and 0.412 mo for ti=3.9 rn. It was electron effective mass . and oxide effectiv
i charge 0 resulting froA fitting versus the

not possible to obtain very good agreement of oxide th?94ness t. .-
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P2.2.8

INTERFACE STATE ANALYSIS OF MOSFETS WITH A MODIFIED CHARGE-PUMPING TECHNIQUE

G. Przyrembel, W. Krautschneider*), W. Soppa and H.-G. Wagemann

Technische Universit~t Berlin
Institut fUr Werkstoffe der Elektrotechnik
Jebensstr. 1, 0-1000 Berlin 12, West-Germany
*)now with Siemens Corporate Research Laboratories

Otto-Hahn-Ring 6, D-8000 Munich 83

In this paper we present a modified charge pumping technique to obtain the energy
dependence of interface states of MOSFETs. The steps of gate potential shift periodi-
cally between 3 voltage levels.

The duration of the gate-mid-level V gives a precise control of the electron
and hole emission times avoiding to genierAe and measure transition times of trape-
zoidal pulses. Furthermore an extension of charge pumping measurements on chains of
MOSFETs in parallel is realized. CV measurements at varactors of the same testchip
are evaluated and compared to the results of the charge pumping technique.

1. INTRODUCTION the results from charge pumping is connected to

Due to the reduction of MOSFET dimensions to- the intermediate state of inequilibrium at the

wards smaller geometries, the investigation of semiconductor surface. These time intervals

the Si-SiO2 interface becomes important again, have to be precisely controlled.

This is the consequence of new technology pro-

cesses and of working conditions under higher 2. MODIFIED CHARGE PUMPING TECHNIQUE

electric fields, which both can lead to addi- An accurate method to control the electron

tional interface states. For monitoring these emission time t or the hole emission time th

effects an appropriate measurement method is re- can be realized by a 3-level pulse train de-

quired. picted in fig. 1.

Charge pumping offers the possibility to ob-

tain the energy dependence of interface states

even for submicron MOSFETs. This analysis, pro-

posed by Groeseneken et al. [1), uses the varia- -/ ___ 'I
tion of the rise and fall times to control the .. tE ; t
electron emission time t or the hole emission to ti t2  t3  t 4  t5e

time th respectively for achieving a scan of the

density of interface states Dit over the band- I

gap.

The electron and hole emission times t and PulIgr
th are time intervals in which the surface states gener

are discharged and charged respectively, de-

scribed by the model after Shockley, Read and C

Hall [2]. On this model the charge pumping ef-

fect is based. But hitherto certain discrepan-

cies in the energy distribution of interface FIGURE I

states obtained by different methods of analysis 3-level charge pumping, diagram of gate voltage
pulsetrain and measurement setup.

still remain. The reason for inaccuracies within
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The purpose of each of the three voltage levels additional reverse voltage Vso between the

during one period of charge pumping will be de- source and drain electrodes referring to the

scribed next for the case of a n-channel MOSFET. substrate is recommended. By this the range for

1. s t a r t i n g p h a s e VGL V iD can be enlarged to several volts as can be

0 tS t 1 : seen in fig. 2.

the lowest level accumulates positive charge at

the surface of the MOSFET and completes the pos- 10-9

itive charging of the interface states by rVOS Parameter VSB

hole capture.

2. t r a n s i t i o n p h a s e VGMID - 1.0 =

t t t2

the mid-level VGMID has to be adjusted to de-

plete the surface from free carriers, so that no

capture processes can occur. f -1.0 kHz tE = tH 20 0 US

During the interval tH of VGMID following the .1 .,.1.1.10.0

switc;iing from VGL to VGMID there will be only -5.0 0.0 5.0

h o 1 e e m i s s i o n from the interface
mid-level of gate voltage VGMID/V

states.

3. t e r m i n a t i n g p h a s e VGH FIGURE 2
t2 t t3: Charge pumping current ICP vs. mid-level VGMID

the highest level VGH must ensure strong inver- of gate voltage at varios source/drain to sub-
o ostrat voltages. The plateaus-of minimum current

sion of the surface, so that negative charging mark the voltage ranges, in which VGMID makes

of the traps will now be completed by the surface depleted.

e 1 e c t r o n c a p t u r e . VGH must be

carefully adjusted to appropriately higher val- When VGMID comes out of the voltage range, in

ues for still reaching inversion if a reverse which the surface will be depleted, the fast

voltage VSB between the source and drain elec- rise times of the pulses will be responsible for

trodes to the substrat will be applied, shorter emission times and consequently for a

For the second part of the pulse train ac- higher pump current. As a contrast to the con-

cordingly to the first part of the description ventional charge-pumping-technique non-equili-

3 phases of charge pumping procedure occure brium processes are observed during phases of

1. s t a r t i n g p h a s e VGH constant gate-voltage, not during a ramp period.

t2 S t t3 : The time intervals tE and tH of the modified

negative charging of the surface by electrons pumping method are directly related to the emis-

within equilibrium sion times te and th for electrons and holes re-

2. t r a n a i t i o n p h a a e VGMID spectively, because the capture processes start

t3 S t i t4: exactly and abruptly after tE and tHo when strong

electron emission from the interface states inversion or accumulation are reached. This is

within in-equilibrium expressed in eq.(l).

3. t e r m i n a t i n g p h a s e VGL electron emission time t = tE

t4  t S t5 : e (I)

hole capture by the interface states to equili- hole emission time th= tH

brium. By investigating the influence of VGL or VGH on

For easily positioning VGMID within a voltage the charge pumping current it is advantageous

range in which the surface has to be depleted a that the times te and th are not affected by
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varying of VGL or VGH as it will be the case by 1) The level of the gate pulse, which provides

the conventional trapezoidal pulsetrain. This inversion of the surface, should be chosen

can be seen by presenting the corresponding some tenth of a volt above threshold. Thresh-

equation to eq. (1) for the trapezoidal pulse- old voltage is given here by assuming V as

train te = (VFB-VT)/(VGHVGL) x tfY (1], where the acting backgate voltage.
tf is the falltim from VGH to VGL. 2) The common source voltage VSB must be reverse

Furthermore, for the modified technique the biased high enough, so that no inversion can

times te and th are independent from the voltage occur by assuming VSB as the acting backgate

interval VFBVT* voltage. The measured substrate current must

In summary the advantages of the 3-level approach zero by having all drain contacts

pulsetrain for controlling the emission times te  floating. Care must be taken, that VSB will

and th are not be chosen too high so that the effective
- equality of the pulse interval tE9 tH and the channel voltage V DB-VSs causes a substrate

emission time te, th, respectively, current that exceeds the pump current.

- pulsetrain can be generated by two simple gen- 3) To select a MOSFET for pumping, the drain

erators with fixed rise times; the time electrode must be connected to the VDB vol-

intervals tE, tH are easier to measure than tage. The drain electrodes of the other de-

rise or fall times. vices may be left floating or can be connected

- a very large ratio t E/tH is easy to realize, to the VSB voltage.

It is worth mentioning that the selected device

3. EXTENSION OF CHARGE PUMPING MEASUREMENTS ON may have a channel current several times higher

CHAINS OF MOSFETS than the pump current, without affecting the

Efforts were made to enable charge pumping latter.

measurements at single devices of MOSFET chains.

This is necessary because most of the available 4. EXPERIMENTAL RESULTS

testchips only offer chains, in which gates and We have used the new capability of pumping

sources of the MOSFETs are interconnected in a single device within a MOSFET chain to inves-

parallel. The investigation of a single device tigate the dependence of the interface state

is of interest e.g. especially when monitoring density Dit from the effective channel length

the effects of hot carrier stress. To activate Leff . In fig. 4 it can be seen, that there is

a single MOSFET only to charge pumping the fol- no remarkable change of Dit to shorter channel

lowing steps must be carried out and this refers length. 1011

to a circuit as shown in fig. 3.

DET2

ri6 A 10 ------- _------_ --_ -----

0.0 1.0 2.0 3.0 4.0

eff. channel length / uM

FIGURE 3 FIGURE 4

Circuit scheme for pumping a single device of a Interface state density D as a function of
MOSFET chain. T2 is selected, effective channel length Lef f -
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For applying the modified charge pumping tech- To verify the Dit values of a polysilicon gate

nique to determine the energy distribution of MOSFET a comparison with results of quasistatic

interface states, the times tE and tH were var- C-V or Q-V (3] measurements of varactors on the

ied and the pump current I monitored. The re- same wafer were made. In fig. 6 the results of

sults are illustrated in fig. 5. the D it (W) evaluation from C-V measurements of

lo-_ __ varactors are also shown. The two curves indi-

cate the spread for different specimens on the
# T373 PMOS poly-St

same wafer. The increase of it(W) to the band-

. 1 1.0 tE edges as obtained from the C-V method has not
Ebeen observed for the charge pumping results.

9tH" "oBut the accuracy of the C-V method is restriced

f 1.0 kHz to depletion and weak inversion, as is well
al .* known. For the investigated varactors this will

VCL=-' V" VGMID= - 2V, VGH*+eV be the range from -0,29 to +0,29 eV.

0.5 .,, . ,

10-7 10 05. CONCLUSION

times tE and t./sec A 3-level-charge pumping technique facilitates

FIGURE 5 the calibration of the non-equilibrium region of

Pumpcurrent ICp as a function of the times tE band-bending and the evaluation of electron or
and tH9 which are defined in fig. 1. hole emission times. It provides energy distri-

butions of interface state density comparable to
In an analogous way to [1] the slope of the results from C-V-measurements. This technique is

curves is proportional to the density of states applicable to test structures of parallel chains

at an energy W, which is determined by the val- of MOSFETs.

ues of tE and tH9 respectively.

A plot of the energy distribution Di(W) of
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P2.2.9

MONITORING THE IMPURITY PROFILE AND THICKNESS OF SEMICONDUCTOR LAYERS WITH THE
CHANNEL CONDUCTANCE OF BURIED CHANNEL FIELD EFFECT DEVICES

G.J.L. Ouwerling and M. Kleefstra

Delft University of Technology, Faculty of Electrical Engineering,
Laboratory of Electrical Materials, Mekelweg 4, P.O.Box 5031,
2600 GA DELFT, The Netherlands

A new method to determine the width of depleted layers and the impurity profile in
semiconductor materials is presented. The method employs the channel conductance of
buried channel field effect devices (with junction, oxide or Schottky-barrier gate
isolation) and can be performed with DC measurements only. A concise derivation of
the expressions for the impurity concentration and the depletion layer width
dependent on the channel conductance is given. Experimental results on both measured
and synthetic data are provided.

I. INTRODUCTION

After the processing of semiconductor wafers,

it is important to determine the width and the

impurity atom concentration profile of epitax-

ially grown or ion-implanted semiconductor

layers.

Probably the most widely used non-destructive

method to obtain this information is the diffe- (c)

rential capacitance or CV-method, as originated_ __, _

by Schottky (1] and elaborated upon by many DP SP-Gate

others, e.g. [2-4]. This method has the advan- DN epilay

tage of being generally applicable; 
as a meas- BN -e l--

urement device a reverse biased Schottky- or pn- p-substrate

diode, or a MOS-structure, suffices. However, (a)

especially in production environments the

following disadvantages must be noted:

- the need to eliminate stray and peripheral 0 \0-wat \\

capacitances; Depletion 9

- the influence of series resistance C Layer

(especially in the case of low impurity x

concentrations);

- the use of an AC test signal which makes + d n-channel

the measurement sensitive to interference Vds

from other AC sources.

We present a novel profiling method that

employs the channel conductance versus the gate (b)

voltage of buried channel field effect devices.

Such a device might either be a JFET, a MESFET Fig. 1. Channel Conductance Device.
(a) JFET Device in Bipolar process.

or a buried channel MOSFET, devices all (b) Configuration during measurement.

described by Sze [5]. These test structures can (c) Dimensions of active gate area.
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be realized in most bipolar and MOS IC A method to account for the (small) influence

fabrication processes. Therefore, this channel of Vds is, in a similar context, provided by

conduetanc thod also covers a large range of Buehler [6]. Both assumptions 2. and 3. are also

possible a, .ications. Moreover, it offers the made in the case of the CV method [I]. For the

following advantages over the CV-method: error caused by the depletion approximation,

- rapid DC (IV) measurements only; correction schemes are available, see e.g. [2].

- less influenced by side effects, hence The traditional expressions for the impurity

smaller devices; concentration N and the depletion width x as

- especially suitable for low impurity computed from the small signal depletion layer

concentration measurements. capacitance C are

C
3  

cA

2. DEVICE STRUCTURE AND PRINCIPLE OF THE METHOD N(x) = -- -- )

In this paper we restrict ourselves to the q A -
g

case of a Junction FET measurement device. Our

experimental results have also been obtained where A is the area of the active gate and c the

with such a device. The appropriate expressions permittivity of the material. By definition C

for MESFETs are equal to those of JFETs; the also equals

derivation of the expressions for NOSFETs is

straightforward. C= (2)
dV

Fig. Ia depicts a cross section through a 9

JFET channel conductance device fabricated in a where dQ is the incremental charge present in

conmon bipolar process. The gate is formed by a the slab with thickness dx that is added to the

shallow p-type (base) diffusion. The target of depletion layer when V is increased with dVg,

the measurement is the thickness and the

impurity profile of the n-type epitaxial layer, dQ = qAN(x)dx (see fig. Ib). (3)

which constitutes the channel of the'JFET. To

eliminate unwanted series resistance, source and The same increment dV decreases the channel

drain are formed by shallow n-type (emitter), conductance G with an amount

deep n-type (collector wall) and n-type buried

layer diffusions. dG - qPF N(x)dx (4)
g

A negative voltage V is applied to the gate

in order to build up a depletion layer in the where v is the low-field mobility of the

channel. A small voltage Vds is applied between majority carriers (here electrons). Fg ;s a

source and drain in order to measure the channel dimensionless geometrical factor that is solely

conductance G = Id/Vds dependent on V . This is determined by the shape of the active gate

schematically depicted in fig. lb. region. In the case of a rectangular gate, F

In our derivation, the following assumptions equals the aspect ratio W/L (fig. I).

are made: Fror (2), (3) and (4) we find an expression

I. The influence of non-zero V on the for the capacitance expressed in the conductance

channel conductance is negligible;
A dG

2. The extension of the depletion layer in C F dV (5)

the gate may be neglected; Ug g

3. An abrupt space charge edge separates the Substitution of (5) in the parametric relations

depleted region from the channel region (I) yields the desired expressions of N and x in

(the depletion approximation). terms of the conductance G:
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dGi 3mine conductance differences AG as a function of

NW [TV -., (6) AV . Differentiation of this data by curve-fit-

22rdZG I d7 dG dG ting (see Ralston, [9]) then provides for a
9 dV 9 dgg 9 stable and precise calculation of d2G/dV 2.

It may be of interest to note that these

formulas can also be derived without the use of

the CV expressions (1). Results are available on both measured and

If the low field mobility p as a function of synthetic channel conductance data. Measurements

x (and thus Vg) may be considered constant, e.g. were made with a channel conductance Process
S(Control Module (PCM), consisting of a circular

in the case of low impurity concentrations,

expressions (6) may be simplified to JFET (fig. 2b) and meant for use in the Junction

dG],
NWx - -' F dG'x (7) E

"2 dG" w2______w_-______

9 g9 G - G2-GI

W2
These expressions can be evaluated directly. Fg

If 11 is not constant, an empirical relation- s..G2 D g L

ship describing v - f(N), an example of which is

provided by Masetti (7], must be used in order L

to find both V and N using the derived expres-

sions (6). This involves an iterative scheme in

which, starting with constant V, alternatively N (a)

and -p = f(N) are computed until converger e is 2T

reached. A further detailed discussion of this F

scheme is not within the scope of this paper; in-

however, some results are shown below. R. Ri

3. IMPLEMENTATION OF THE METHOD

Some practical aspects of the new method are

discussed below.

If the channel conductance device is fabri-

cated in a process with junction isolation, the (b)

measurements will be distorted by the parasitic $ Source

parallel conductance along the lateral confine- Drain

ment (fig. Ic). Two methods can be thought of to

avoid this distortion: compensation by subtrac- Fig. 2. Compensation of lateral conductance.

tion (fig. 2a) or elimination of the confinement (a) With tao rectangular devices.
(b With a circular device.

by using a circular (or polygonal) gate (fig.

2b). Charge-Coupled Device bipolar process I(0]. The

Numerical determination of the 2nd derivative device easily fitted into a standard PCM unit of

of a measured quantity is notably difficult. We 500 x 500 lim
2 

size. Fig. 3a presents the

used a simple current compensation measurement impurity profile obtained with this module as

technique, involving the subtraction of a compared to the profile conventionally obtained

constant current from Ido to accurately deter- with the CV method.
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In fig. 3b, a result on synthetic data is 5. CONCLUSION

shown. Depicted are the impurity profile used to Determination of impurity profiles with chan-

simulate the measurement (a), and the impurity nel conductance measurements provides an attrac-

profiles obtained from the simulated conductance tive alternative to profiling with capacitance-

data by the above mentioned iterative scheme voltage measurements. The method can easily be

(b-e). Clearly, after a few iterations the implemented on existing computer controlled IV-

measured profile coincides with the original one measurement equipment as it is commonly used in

within a few precents. wafer fabrication facilities. Simple measure-

ment devices of moderate size are sufficient.

The method is especially useful for semiconduc-

tor layers with low impurity concentration, as

-? it is not influenced by channel series resis-

SCV-ethod tance, and correction for non-constant mobility
I 

may then be omitted.

z GV-method
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P2.2.10

SCANNING OF THE ENTIRE ENERGY GAP AT THE SI-S10- INTIF.ACE IN MOSFETs USING THE CON-

DUCTANCE I7CHNIQUE: COMPARISON WITH DYNAMIC TRANSCONDUCTANCEMLEASUREMENIS

Hlisham Haddara and Mohamed EI-Sayed*

Laboratoire de Physique des Composants A Semiconductours,
ENSERG, 23 rue des Martyrs, 38031 Grenoble Cedex, France.

A new and accurate approach to ac conductance measurements on MOSFETs is presented. It is shown that the
conductance technique can be used to study interface trap properties in the entire silicon band-pp by direct
measurement on a singe MOSFET. Moreover, the validity of the dynamic transconductance method is assessed by
comparing is results with those obtained from conductance measurements on the same devices.

1. INTRODUCTION inversion charge Qi and the effective mobility 1eft by: r, =

In spite of the intensive efforts to study the Si-SiO2 interface /(14efii).

properties in MOSIETs [1,2], still there is not a reliable

technique capable of providing complete information about It is important to note that the channel resistance Ri =riL/W,

intcrfce traps in the whole energy gap from direct measurement limits the frequency response of the inversion layer and increases

on MOS transistors. Recently, a new method has been proposed the channel time constant 1 'gc which can be expressed as [5]:

to determine interface trap properties from measurements of the

dynamic transconductance of MOSFETs in weak inversion (3]. e(cox+ Cd) riL2

In this paper, we present an adaptation of the conductance g 1 +cd +c 4

technique [4] so that it may be applied for the characterization Figure (2) shows theoretical plots of 1g¢ as a function of Vg
of interface traps directly on MOSFETs. In addition, the with the channel length as a parameter calculated using field

obtained results are compared with those provided by dynamic dependent peff. It is easily seen that rgc is essentialy constant in

transconductance measurements, weak inversion and decreases with increasing Vg in strong

inversion. It is also, worth noting that rgc has values leas than

10- s for L< 5 "im. This means that, for such channel lengths.
2. THEORY the effect of the inversion layer resistance on the time response

In this section the MOSPET ac equivalent circuit in depletion of the channel can be neglected at frequencies up to several tens

and in inversion is analyzed. Furthermore, the equivalent parallel of MI-Iz.

admittance of interface traps is extracted in terms of the

measured MOSFET admittance. The case of an N-channel Having developed the equivalent circuit of an MOSFET (with

device is considered; the P-channel case follw by analogy, source, drain and substrate tied together) we are now going to

discuss the exploitation of conductance masurements for the
Fgure (1) shows the simplified MOSPET ac equivalent determination of interface tqap properties in the entire silicon

circuit with the source, drain &ad substrate grounded. The band-pp.

resistance ri d the channel sheet resistance related to the

Electrical Eog. Dept., Alesndria University, Alesadria, EGYPT.

695



COX ~ gate gt

Cox source. drain C,

source ,dr i I d.

iCpp 
T Cd

Rnt Rpt19CpI p$ Rs

_____ __ _ Substrate substrate strata

(a) (b) (c

FIGURE 1

Simplified MOSFET ac equivalent circuit with grounded source, drain and substrate for: (a) Interface traps in

interaction with both minority and majority carrier bands, (b) Depletion regime and (c) Inversion regime.

, 10-610 On the other hand, in the case of MOS capacitors operating

W( ipm) in weak and strong inversion, the channel formation is very slow
10-7 30 unless minority carriers are supplied by an external source.

15 Consequently, when carrying out conductance measurements,
10"4 10 the interface traps are always obliged to interact with the

5 majority carrier band and this requires very low measuring
4 frequencies to study the interface trapL On the contrary, in

V 10"1 3
c 2 MOSFETs, the source and drain junctions provide an enormous

10-" 2#1B1 supply of minority carriers to form the channel Furthermore, for
0.8 1.0 1.2 1.4 negligible channel resistance (Le. small channel lengths) the

formation of the inversion layer is exremely fast. As a result of
Gate voltage (Volt) such a rapid response, the interface traps in the upper half of the

silicon band-gap will easily interact with the minority carrier
FIGURE 2 band in weak and strong inversioi. Therefore, such traps can be

characterized in a similar way as those interacting with theChannel time coatant vers gate voltage calculated for mjrt are adi elto.Teeuvln ici nti

transistors of differunt chane l and having N,_ 10.d  majority carrier bad in depiction. The equivalent circuit in this

cm', tax - 25 am (without interface traps and fined oxide case can be represented in the form shown in Fg.(1-c) with Gpo
chare).

and Cp, are the intetface trap parallel conductance and

capacitance.

It is clear that the determination of Gpn and Cpn requires the
In accumulation and depletion, the MOSFET eqivlent knowledge of both Ri and Cd. The channel resistance Ri at a

circuit igs showa in f!g(1-b). Gpp and Cppare the parallel given value of Vg can be easily obtained from the the static
conductance and capacitance asocited with the interface traps ID(VD) characteistics at very small drain voltage VD. For
while the r&tac R, is the substrate w resmtance. We determining Cd, the gate-substrate capacitance is measured with
notice that the equivalent circuit in this case is exactly the same the source and drain floating. In this case the minority carriers
as that of an MOS apacitor and consequently, the interface (electrons) forming the channel are not provided by the source
trPS intering with the marity carrier bud can be and drai-but by the substrate itself and consequently, the
characterized in the ame mann, channel response is very slow. In fact we have exactly the same
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situation as in MOS capacitors. 30 1.0

Finally, the interface trap in the ntire silicon bad-gap can

be characterized using the Gpye and povs. frequency plots

at different gate vokagas in depletion and in inversion.s 0 K~2 K N z 3

EE

3. EXPUMENTAL RSIULTS AND DISCUSSION , ,

Conductance, capacitance and dynamic transconductance

neasiueienta have been performed onsate a-Gate voltage (Volt)
channel MOSFETs having substrate doping of 2Xl06 cmvt,
gate ocide thickness of 25 nm, channel length L-3 1m and

channel width W = 6000 Gm.

Measured capacin Cm and conductance Gm versus gateMeasurements am carried out at room temperature using the voltage.

HP4192A impedance analyz=r at frequencies between 100 kHz

and 10 UHz. At lower frequencies (50 Hz< f< 100 KHz) the
PAR-124A synchronous detector equiped with the PAR-184 The interface trap density Dit and the time constants ipand
current-voltage converter is used. in can be determined from the magnitudes and positions of the

maxima of Gpp/U and GpO/U. In weak inversion Gp/w is
it is worth noting that the application of the conducatnee obtained from conductance as well as from dynamic trans-

technique to VLSI MOSFETs of very small dimensions requires conductance measurements. In the later case, Gp/. is found
very sensitive measuring instruments and special precautions from the imaginary part of Vg (w) and is given by [3]:

since the device gate capacitance is in the order of a few tens of

femto Farad. It is for this reason that we have performed our pn ox(2)
measurements on transistors of large channel widths in order to W (kT/q) M

increase the gate area while keeping the channel length in the where Id is the drain current at a given Vg.
range of a few microns. However, for MOSPETs of channel

lengths of the order of I Km and gate oxide thicknesses smaller Figures (4) and (5) show the interface trap density profile
than 15 nm (typical for VLSI applications), channel widths of Dit(E) and the time constants -rp n in the entire silicon band-gap.
few hundreds of microns will be quite sufficient to allow easy An ecellent agreement is observed between conductance and
capacitance and conductace measurements. dynamic transconductance results in the upper half of the band-

gap.
For illustration, 111g.(3) shows the measured capacitance

Cm(Vg) and conductance G,(V) characteristics for two
different frequencies obtained with the source, dramin and 1"

substrate pounded In addition to the classical conductance

peg i dpltm i shifting towards amuli with increasing 0i ~frequency, a seond conductance peak appears im weak ' ' ,:

inverswo. This second peak shift towards strong inversion with -0.2 0 0.2

icrasig frequency and is, therefore, attributed to the Energy (eVI

interaction of the interface traps with the conduction band due

baerati~n~Z~ZFIGURE 4
to the rapid response of the inversion carriers Furthermore with FG R

dera frequency, the two peaks hittowards mid-gap

voltq age are confused in a pc.~ Interface trap density profics obtained ing the conductancevlaeeiiaque (flled ees) and the dynamic transconductance

(ope crcl).
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10-3 _______ the conductance technique can be applied to study intemc trap
properties through the whale si-o energ gap by direct

I mesuimnn on a ulagis MOSFET. As a result, an MOSFETr of
a ufce tl ar channel width and relatively small channel

length (L<10 pm) can be used as a on structure WOWeaof on-

.tC* 1- k chip monitor capacitors to study interface trap properties.

k CFinally, the dynamic transcondct ance: method is proved to

la-, give the same inormation as the conductance technique in weak

inversion. Furthermore, this method, unlike the conductance

technique, can be used.i the case of vry smallpgte areas by

10-~ . _ _ ___L__ *Mof its high sensitivity f3].
-0.2 0 0.2

Energy leVi
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P2.2.11

} HIGH RESOLUTION INTRINSIC NOS CAPACITANCE - MEASUREMENT SYSTEM

P. LECLAIRE

BULL S.A. - B2/028
Rue Jean Jauris
78340 Les Clayes-Sous-Bois - France

Project (Spectre) ESPRIT n" SS4

The difficulties of making accurate measure- gnal is 10 KHZ and the amplitude is 10 my rms.

ments of intrinsic capacitances on small The resolution of the system is in the atto fa-

geometries MOSFETs renders the modelization of rad (lE-18 farad) range. The accuracy is less

these components unreliable. Recently an on- than four percent for the range 5 femtoFarad
chip technique has been developped for these (SE-1S Farad).
measurements (1). This method, however, is not
versatile because it need special on-chip cir-

cuitry. This paper describes a high resolution ..... -1
direct on-wafer off-chip C-V capacimeter. I E _ I

This apparatus allows for the validation of I I-V CONVERTER
the SPICE intrinsic gate capacitance model by )Le€ i ,,_Rf

.. .J I I ' L'- I ,.

the observation of the differences in capaci- 
L-ck--

tances when the geometries are reduced or when L_- - - - _ouTr

the transistors are not conventionnal (ie- LO0, 'dos vs CIR

000...1. It also permits the measurement of the

effect of charges variation in the oxide or at RPPLE

the SI02 interface on the Cgd and Cgs capaci- E

tance after hot carrier aging. In this presen- FIGURE A

tation, measurements have been carried out on
long and short transistors in order to test the The figure (B) shows the variation on the

validity of SPICE. Measurements have also been overlap capacitor versus VDS and VGS of a stan-

carried out before and after hot carrier stres- dard test MOSFET with channel length and width
sing, and it will be shown that the capacitance of 1.5 micron and 10 micron respectively and

characteristics are strongly affected by this an oxide thickness of 280 A. The Y-axis of the
stressing, graph represent a capacitor variation of 1 fE.1 The detailed signal path is shown in figure The smallest difference between two adjacent
(A). The measurement system is composed of an points is 25 aF. These curves are characte-

L.I.A and three bias sources under the control ristic of the moving of the depletion edge of
of an Apple IE microcomputer. An I-V converter the P-N jonction on the drain side near the
transforms the ac current signal into an mpl- S102 interface with the electric field.

fled ac voltage. The frequency of the Input si-
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11,V .. 9

... 4

0 VD2Wig) t

FIGURE 8 FIGURE C.2

The figure (C), (0) show the Cgs and Cgd
capacitor of 14 channel transistors. The geome-
tries of these device are 10/10 and 50/1.5

J.51For comparison, SPICE simulation results are of
shown in figure CE). The long channel MOSFETs W5
are well iwodelized but the short is not,t..39
because SPICE doesn't include two-dimension- AC. t..36 I
nal effects which are characteristic of the
differences observed between long and short
in saturation and depletion (region I and 11
in the figure) ( 2), (3). 0a e vl
c- FIGURE 0.1

.3 obox via
-.1 ay.df

7000t,



COX We have used this system to confirm the as-

S *g es * sumption that the charge du to hot carrier is

localized near the edge of the drain jonction.

Figure (G) and (H) shows the curves Cgs and Cgd

before and after aging. The comparison of these

curves, Cgs and Cgd, before and after stressing

shows outstanding events in the desertion and

(L saturation region (I and 1I on he curves).

We note a difference between the curves ob-

tained before and after aging in the desertion

[I] region. After aging, for a given Vgs (Vgs 4 0)

-,t I-) 10 the capacitor Cgs versus VOS is increased and

FIGURE E Cgd versus VOS is decreased due to the shel-

ding of the transversal field near the drain

The figure (F) shows the measured values region by the localized charge which results in

of Cgd for a short and narrow channel transis- a better coupling between source and gate and a

tor (W/L -.5/2). The oxide thickness is 390 A. weakened coupling between drain and gate.

We can observe, in comparison with an long and This assumption is confirmed in the satura-

large transistor, the effect of the increasing tion region both for Cgs and Cgd. For small VOS,

of the electric field which is responsible of the curves before and after aging are similar.

the velocity saturation effect, (4), characte- For high drain bias, the value of the gradient

rized by the weakening of the gradient of the of Cgs capacitance versus Vgs is increased while

curve for high VDS and VGS. Despite the fact Cgd is lowered. In this state, the gradient is

that the SPICE model is not representative of characteristic of the velocity of the carrier In

the small transistor (L 4 2.5 micron), it never- the channel and therefore the value of the

theless gives the worst case and is thus not transversal field. The variation of the gradient

4 critical from the circuit designer's point of for these two curves shows that the parallel

view. surface component of the field is decreased (4)Iand the fact that this variation is positive for
4 "" . d ,Cgs and negative for Cgd shows that the field is

W.sO - " modified only near the drain region.

6C. SfF Cgs

.. s

Sol . . . . .
, , •

& 4 .4

-a FIGURE F fl FGR G1 '

f
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P2.2.12

EXPERIMENTAL EVIDENCE FOR DIFFERENT SATURATION VELOCITIES OF
ELECTRONS IN SILICON

B.Borchert and G.Dorda

Siemens AG, Corporate Research and Development
Otto-Hahn-Ring 6
0-8000 Munich 83

This paper presents the piezoresistance effect of n-inversion layers in the hot-electron
regime. The measurements were performed on short-channel n-MOSFETS both at 77 and 300K.
From the experimental data clear evidence is obtained for different saturation velocities
of electrons in Si depending on the occupation of the subbands. Including this effect good
agreement between theory and experiment mainly at 300K is achieved.

1. INTRODUCTION k 3

Nowadays hot-electron effects play an impor-

tant role in VLSI-devices. Because of their ne- Eel k 2

gative influence on transistor operation they 2

are the object of extended research activities

(1). In the present paper we use piezoresistan- / -' 
J

ce effect (PE) measurements on short-channel 1/

MOSFETS to study their features. The PE is cau- 4 k

sed by a repopulation of electrons among the

subband levels of the different valleys under a 
5

uniaxial stress (2). Since the PE enables us
to get information about the electrons in the

different valleys and to study quantum pheno-

mena of the inversion layer it is a promising

tool especially in the hot-electron regime. FIGURE 1: Diagram of constant energy surfaces

in k-space for n-Si, the experimentally used
directions of the surface field E in (001), of
the uniaxial stress P in (100) An current j in

2. THEORY (110) are also given

In the theory of the PE the hot-electron ef-

fects like velocity saturation and electron tically (3). The appropiate equations for the

temperature are included. Here also the inhomo- PE ere listened in (4,5).

geneous electric field distribution within the If we apply an uniaxial mechanical stress
transistor is incorporated. For the subband which is accompanied by an energy shift among
quantization of the n-inversion layer we used the six conduction band valleys we get a repo- 4

the triangular potential wall approximation, pulation of the electrons between the different

where the subband levels as & function of the valleys. Because of the different conductivity

electric surface field can be expressed analy- masses for the subbands, the electrons undergo
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a mobility change during the repopulation and

consequently the total mobility of the inver- 30

sion layer changes. For a tension stress p in 7 - _ 0. 1 300K

the experimental PE-configuration, see Fig.1,

the valleys 1 and 4 will be lifted, while the (Y E

other four valleys 2,3,5 and 6 will be lowered. -

Considering the conductivity masses of the 1 p

valleys for an electric current j in (110)- - -- the. VdV

direction the total mobility will be enhanced. 0 4

The magnitude of the PE in quantizised 0 2 4 V V6 10

inversion layers depends on the subband

spacings and on the mobility differences 30

between the subbands, as well as on the 7 300K

electron temperature. Therefore we can expect a 1 20 1

gate and drain voltage dependence of the PE in E V9 LV]
o

short-channel MOSFETS. N - - 3
'10.-- -- oxp,. -. ..

-- - thee. 6
3. EXPERIMENTAL 0 .

The measurements were performed on short- 0 1 2 3 4
VdIV]

channel MOSFETS with channel lengths ranging

from 1 to 30p. By sawing probe stripes from the

wafer, fixing one end and bending the other end FIGURE 2: Experimental and theoretical gate

up or down we were able to apply an uniaxial voltage Vg (a) and drain voltage Vd (b)
dependence of the PE coefficientir for a ip

mechanical stress to the transistor. With the transistor at T=300K

knowledge of the amount of the bending and the

geometrical dimensions the corresponding fitted values for the hot-electron parameters

uniexial stress can be calculated (6). For the are in good agreement with the literature

probe orientation see Fig.1. (4,5).
4.2. 77K-Results

Fig.3a,b demonstrate the gate and drain

4. RESULTS AND DISCUSSION voltage dependence of the PE at liquid nitrogen

4.1. 300K-Results temperature. Here we see a much faster decrease

Fig.2a,b shows the gate and drain voltage of the PE with increasing drain voltage than at

dependence of the PE at 300K. From the low- room temperature. This is a consequence of the

field (Vd =.IV) to the high-field regime (Vd fact that at 77K the ohmic mobility is several

>2V) we see a remarkable decrease of the times larger than at 300K and therefore the

experimental PE curves. This can be attributed velocity saturation sets in at smaller electric

pre-dominantly to the decreasing mobility fields. By looking to the drain voltage

differences of the electrons in the different dependence, we see surprisingly a saturation

valleys with increasing lateral electric field. behaviour of the PE at high drain voltages.

the theoretical PE curves are in very Since in the corresponding electric field

satisfactory agreement with the experiment, see regime the electrons have reached the

also Fig.2a,b. For the ohmic mobility we used a saturation velocity, the theory would predict

three subband model of Moore and Ferry (7). The hero a vanishing PE, if the saturation velo-
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5. CONCLUSIONS
0e It was demonstrated that the PE is a

0. 1 77K powerful tool for studying hot electrons in

60 0.25 ]-y short-channel MOSFETS. With the help of the PE

4B E we have shown convincingly for tho first time
a 40.

N that the value of the saturation velocity for

20 VV electrons in silicon is not a constant as
20 usually assumed. It depends on the population

0 of the subbands, i.e. in particular on the

6 2 10 doping of the Si substrate, the gate voltageV9 [V)

and temperature of the electrons in the hot-

80 electron regime. This circumstance has to ba

77K considered in the simulation program of small

60 ,..l size MOSFETS.

E -- V-4V
0 40
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P2.2.13.

PERMEABIE BASK TRANSISTORS WITH HIGH TRANSCONDUCTANCE BUILT ON LPVPE-GROWN EPIIAYERS

A. Gruhle, L. Vescan, * H. Beneking

Institute of Semiconductor Electronics, Soomerfeldstr., D-5100 Aachen, V.
Germany
*Present Address: University of Michigan, RECS Dept., Center of High Speed
Microelectronics, Ann Arbor, MI 48109, USA

There has been considerable interest in a part of which is removed in a carefully

permeable -base transistors (PBTs) for use in controlled subsequent 02 plasma etch. The top

high-speed circuits. A gain of lldB at 40 GHz side contacts are thus revealed (as can be

has been reported /1/. An important future seen in Fig. 1) and reinforced with an additio-

application could be the three-dimensional nal Au-pad. A AuSb uetallisation on the back

integration by stacking several devices on top side of the wafers forms the drain contact.

of each other. PDTs consist of a base-grating

embedded in semiconducting material. Using JiBE

the base metal or silicide may be burried

under an epitaxial layer. In this paper how-

ever we present etched-groove silicon PITs

that have been patterned with reactive ion

etching. This approach reduces input capa-

citances but has the disadvantage of non-

planar surfaces.

Starting material are (100)-l mOhmcm n+

substrates with a 2pa thick, 4xl016 ca "3 n-

epilayer grown by LFVPZ at 8200C. The top 100

rm are n
+ 

doped for good ohmic contacts to the

TiPtAuPt source-metallisation which is

patterend by lift-off. The metal acts as a

mask in the subsequent lIE where 0.7pam silicon

are removed in an SF6 plasma resulting in a

slight umdercut. This is neccessary to form a

discontinuous metal film during the following

100 nm Pt gate metallisation. Finally, the Fig.l: Polyimide-covered PBT with revealed top

surface is planarized with PIX-1400 polyiide, contacts
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A series of PITs has been fabricated with

varying channel width (0.5pa - 2.0gm), groove

depth (0.21m - 1.Spa) and device length (50pr

- 4000#m). Dual-gate transistors for mixer

applications haws also been built /2/. In the

micrograph of Fig.2 two PBTs (1gm and 1.5pm

channel size) can be seen.

Threshold voltages vary between -0.5V and

-7V. The gate Schottky diodes have ideality

factors less than 1.1 and breakdown occurs at

about -10V. Fig.3 shows the typical IV-charac-

teristics of a 0.5ga-PIT. The aximm obtained

transconductance is 62 mS/mm, the highest

value ever reported for Si PSTs. This is Fig.2: Micrograph of two PBTs. Gate pad size

achieved by the optimized n~nun epilayer is 60pm x 30gm.

structure that permits very low source, drain

and contact resistances. For the same reason

there is almost no change in the IV-curves

when the top contact is used as drain.

PSTs suffer from a large output conductance

as a result of drain voltage influence on

drain current. Presently two-dimensional nume-

rical simulations are belng performed to

evaluate the influence of different gate con-

figurations on the output conductance. AF
measurements are presently performed on large-

area PITs (channel length 1000pm to 4000po)

with low impedance adjusted to 50 Ohm micro-

striplines.

/1/ R.hAtis et &l., I Vol.RDL-8, No.2, 66, Fig.3: Typical IV-characteristic of a 60polong

1987 PST. Gate offset is +0.5V.

/2/ A.Gruhle, L.Vescan, R.neking, gloctr.

Lett., Vol.23, No.9, 447, 1987
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P2.2.14

PREDICTION OF SOFT ERROR RATE OF 4 Mbit DRAM

W.H. Krautschneider and W. Meyberg
Siemens AG, Central Research and Development

Otto-Hahn-Ring 6, D-8000 Munich 83, FRG

A method has been developed for estimation of soft error rate of
memory chips. At special test structures which are as simply
designed as possibly the charge collection induced by alpha
strikes is measured. From these data the soft error rate can be
calculated.

1. INTRODUCTION 2. MEASUREMENT OF COLLECTED CHARGE

Soft errors caused by alpha INDUCED BY ALPHA PARTICLE STRIKES
particle impacts are a major concern An alpha particle striking silicon
for the reliability of dynamic generates electron-hole pairs along
memories. For that reason it is its track which are partly collected
important to have means for predicting from the storage cell by carrier drift
the soft error rate as a function of [2,3] and diffusion [4,5].
process parameters in an early stage The basic measurement setup to
of the design of dynamic memories, determine the charge which is
The method proposed is based on charge transferred when an alpha particle
collection measurements taken at test hits the device shows Fig. 1. An
structures equivalent to cell and active probe tracks the voltage swing
bitline nodes but without access U(t) at the node under test which was
transistor, as memory operation is not biased to 5 V by a voltage divider
required for charge collection which is dimensioned that its time
experiments. Since these test constant is much longer than the
structures require less process steps duration of the alpha signal. The
the alpha particle sensitivity can be signal is preamplified and digitized
determined some time before fully by a fast analog-digital converter.
functional memory chips are available.

Dynamic memories of the 4 M
generation use trench cells for Pobe Am. tzr

achieving the necessary cell
capacitance on a scaled down area. ----- ---------

Adjacent trench cells can be or-I Statties
shortcircuited by alpha tracks [1]. -. Recognition
This effect has been experimentally D.I.LT. Desktop Calculator

verified and also taken into
consideration for soft error rate
prediction. Fig. 1 Basic measurement setup
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The digitized signal is stored and "0" (1]. To measure the charge
processed using a desktop calculator transfer between trench cells test
which first checks the input signal structures were used consisting of two
for error recognition and suppression. grids of diffusion areas with
Then the digitixed input signal U(t) trenches. Double strikes cause a
is integrated to determine the current flow between the affected
transferred charge trench cells that leads to a positive

voltage drop across the resistor R2
to (Fig. 2) from which the additionally

fU.(t)/R dt collected charge can be determined.
0 This charge has to be multiplied by

the probability that a double strike
The wiring of the test structures is occurs, which can be obtained from
arranged in such an order that only geometrical calculations, and added to
cells with a distance of about 30 pm the charge collected by the cell test
from each other are contacted. Thus structure.
the charge spreading over to A 100 nC radium source has been used
neighbouring test structures can be for irradiation.
neglected and the charge transferred
to just one node is measured.
When due to the necessary contact the AO

area of the cell test structure is a ia

bit larger than the actual cell node
some corrections have to be made. 5R

Numerical calculations show that the
charge collected by diffusion is
proportional to the square root of the
collection area at small structures
[5]. Interpolation between the charge 0.U.T
collected by cell and bitline test

Fig. 2 Measurement setup forstructures yields for the corrected determination of additionally
cell node charge collected charge when an alphaparticle traverses two

. - V ) adjacent trench cells

- Q*) + 3. DETERMINATION OF CHARGE TRANSFER
FUNCTION

The subscripts of the area A and From numerous measurements the
charge Q - c, bl, and ct - denote the distribution of the transferred
cell, bitline, and cell test charges N(Q) is obtained. Subsequent
structure, respectively. summation and normalization gives the

distribution function F(Q) of charge
Trench cells collect additional charge collection f n

when alpha particles traverse two k n

adjacent cells with one of the cells Fk(Q) - NLIL) /ZNL(QL) k S n
in state "1" and the other in state
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with the total number of alpha events 4. CALCULATION OF SOFT ERROR RATE

n. Following May and woods (6] the

Completion and rearranging leads to soft error rate (SER) of memory chips

the equation is proportional to the product of the

area which is sensitive to alpha
n i ~ 1particles and the alpha flux C.

F.(Q2) (1) SIR - A-.

i=k+l i-l
A. denotes the horizontal projection

- p) 5 P(Q) of the pn-junction space charge area.

Proportionality factor is the

The function P(Q) describes the aensitivity factor S of the circuit

probability for the occurence of an under test. It is defined

alpha strike that tranfers a charge Q

to the test structure which is larger (2) S =

than or equal to Q .. Setting Q equal

to the critical charge Q. which is The function P(EL) describes the

required for a reliable operation of probability that an alpha particle of

the memory cell the function P(Q) the energy EL causes a soft error and

gives the probability that an alpha N(E&) is the energetic frequency

strike causes a soft error (Fig. 3). distribution. Since the physical
reason for the occurence of a soft

error is the collection of charge

which exceeds the critical charge, the

product P(EL)*N(EL) can be replaced by

- - -the charge transfer function P(Q)

>1 which can be obtained with much less

effort than P(E±) and N(E,).

- \ Inevitable fluctuations in transistor

o geometry and technology can lead to

o. _ different threshold voltages of the

sense amplifier transistors. This

threshold voltage difference Vt

---- -- -reduces the critical charge of the

%E-3 storage cell for

g 3 je 29 39 4e 59 69
CHtRGE a4C 0 (3) aQo - (Ca + Cxx)*AVt

which causes an increase in the soft

Fig. 3 Soft-error probability error rate. At pairs of MOS
function for alpha particles
exceeding a charge threshold transistors which were equivalent to

a) trench cell, b) bitline the sense amplifier transistors the

probability density of the threshold

voltage difference g ,Vt has been de-

termined.

Using eqn. (1) to (3) yields
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5. CONCLUSION
The charge collected by trench

SR(Q.) . Vt)P.(Q.Q..) cells induced by alpha 'particle

LAg strikes including the charge transfer,
i- when an alpha particle shortcircuits

two adjacent trenches, has been

measured and evaluated. The data are+ 0.5*A *s gVLPb(aA.)
helpful for a cell design to meet the

i-I required standard of soft error rate.

with the sensitive area of the cell
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P2.2. 15

THE EFFECT OF THE PROXIMITY OF THE BIRD'S BEAK ON AGING OF THE
THIN OXIDE BY HIGH FIELD CURRENT STRESS

by J.-C. tMARCHETAUX, B. DOYLE and A. BOUDOU

BULL S.A., Ave Jean-Jaures, 78340 Les Clayes sous Bois, FRANCE.

1. INTRODUCTION standard LOCOS process.
The quest for a greater integration in VLSI

circuits has lead to a diminution not only of 2.2. Aging and characterization systems

the length of MOS channel with its inherent The samples are aged by electron injection
problems (hot electrons, etc...), but also of in the Fowler-Nordheim regime (FN injection),
the width. It is thus very important to know from the gate to the S102/Si substrate
the quality of the transition (bird's beak) interface ( negative gate voltages) and in the
zone between thick and thin oxides and its constant current mode. In the BB structure, in
influence on the quality of the neighbouring spite of the changing oxide thicknesses, the

thin oxide. injection is localized to the gate oxide i.e.
We have shown [1) that during the VLSI to the point of thinnest oxide. Thus, any

fabrication process, the growth of the field observed difference between this test structure

oxide induces a large quantity of active and the standard structure stressed in the same
interface states close to the active thin oxide injection density conditions will have been due

zone under the bird's beak region (BB region), to the bird's beak influence on the thin oxide

In this presentation we show that as well as zone and not to damages created in the thicker

above, the proximity of the BB zone induces a oxide of the BB region.
dramatic accelerating aging on the active thin The characterization is carried out by

oxide zone when subjected to high field current the quasistatic C-V method. The modification of

stress. the method to be able to be applied to BB
capacitors which have various oxide thicknesses

2. EXPERIMENTAL and dopings is described, in detail elsewhere

2.1. Samples E1]. To make the comparison between the two
To do this we compare the aging of two types of capacitor, at each characterization of

capacitor structures: a thin oxide (standard) 88 samples, the field and BB capacitive
capacitor and a capacitor with a maximized components are removed by computation. For
perimeter/surface ratio (88 capacitor). For the this the assumption is made that these two
latter the maximization is obtained by the components are not modified by the various
parallel connection of 6400 cells of 10*10 pm2, injections. This quite reasonable because the

each of these cells consisted of a square of FN injection is localized to the gate oxide.
2thin oxide of dimensions 5*5 pm surrounded by

the field oxide. 3. RESULTS
The samples used came from a 2 micron NIHOS 3.1. Aging

process with a dry gate oxide of 270 A and 400 The curves of the evolution of the injection
A thichnesses, a P-type substrate and without voltage as a function of time-are given in

threshold implant. The 88 zone derives from a Figures 2 (270 A) and 3 (400 A). While the
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standard capacitor curves are nearly horizontal thicknesses 0%250 A)[33, for 88 structure a non

we observe for the BB structure an important saturated behaviour is clearly seen: nearly

modification of the curves: at the beginning linear for 400 A and a saturation followed by a

there is a clear compensation of the positive increase for 270 A. This allows us to suppose

charges by electrcn trapping ( A Vinj<O which that there Is a continuous generation of hole

is then rapidly compensated then exceeded by a traps during the FN injection as is seen for

large generation of additional positive charges the very thin oxide thicknesses ((100 A) [4].

A VinJPO). Moreover there is a much larger

divergence between the different aging curves 3.2. Relaxation

for the 88 than for the standard samples. We have compared the relaxation of the two

These two differences show that the proximity kinds of structures after they have been

of the 88 region induces a larger hole trap submitted to a high FN injection (Ninj=IE17 cm-

density in the region near the gate injecting 2 and Jinj=-SE-S A/cm 2).

electrode. This suggests that the centroid of Figures 7 and 8 show this time evolution of

trapped charge is closer to the gate in the Nss. We see immediately that, while there is a

270 A case than in the 400 A case. slightly annealing of the Nss profile for the

For the quasistatic C-V measurements, using standard sample, there is a progressive

the intermediate step described in 2.2. for BB increase of Nss for the peak at 0.6 eV as well

samples, we obtain the profile of the interface as for the defect background. The evolution in

state density (Nss). The results are given in time follows an A*tn law, with n=0.23. The Nss

figure 4 (standard) and 5 (88) for 270 A. can be seen to have increased by a factor of

Similar results are obtained for 400 A. We three during this time.

observe the presence of a peak generally

related to dangling bonds of trivalent Si atoms 4. CONCLUSION

(2]. In our case, the position in the forbidden We have shown that during a FN injection,

gap of these states is about E-EvZO. 6 eV for the proximity of the bird's beak region induces

the two structures. a dramatic increase of the interface state

On comparing the magnitude of Nss, we see density in the active gate zone, a generation

that , in the case of the B8 samples, this of positive charge closer to Si02/gate

magnitude is about 5 to 10 times larger than interface, and a non-saturation behaviour of

the standard structure one. This holds for the Vfb variation. Moreover, in place of an

peak at 0.6 eV as well as for the background annealing, the relaxation is characterized by a

trap density. progressive increase of Nss which follows time

Thus, it is clear that the proximity of the power law in the limit of time taken.

BB region, although not modifying qualitatively

the type of interface traps generated under FN This work is supported In part by the E.E.C.

injection, induces in the active zone of the ESPRIT (SPECTRE) project, N" 554.

; device a dramatic acceleration of the interface

* trap generation.

Figures 5 and 6 represent the variation of REFERENCES

the flat-band voltage as a function of the [1) J.-C. Marchetaux, to be published, Solid

injection dose, determined from the quasistatic State Electron.

measures. While the standard sample curve has

the saturated behaviour at high Qinj well known (2] N.M. Johnson et al., Appl. Phys. Lett. 43

for this type of aging and for these (6), p. 563 (1983).
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a: C:1 rIM

S i TI ME (Sec) 10000 TIME (Sec) 1000

FIG. 1 Injection voltage curves at constant FIG. 2 Injection voltages curves at constant

current density Jin j. Full lines: BB samples, current density JinJ- Full lines: BB samples,
dashed lines: standard samples. HI is varied dashed lines: standard samples. Nt is varied

p from 1E16 to 1.6E17 cm-2 in the direction of from 1E16 to 1.9E17 cm-2 in the diVrection of
the arrows (cf. Fig. 5). The thickness is 270 the arrow (cf. Fig.6). The thickness is 400 A.
A. For the two curves at the bottom: Jinj=SE-5

A/cm-.
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FIG. 3 Interface state density profile FIG. 4 Interface state density profile
obtained from quasistatic C-Y masuremnts obtained from quasistatic C-V measurements
after each aging (cf. Ftg.1 and 5 for injection after each aging (cf. Fig.2 and 6 for injection-
conditions) for the standard sample of. 270 A conditions) for the 88 sample of 270 A ,
thickness. thickness.

\ 7
I 1+00 11

z  I
-- lU l



2000 . .. 3500 -

>. + >

iE
+ + >+

_Q 0 I

0 0 , , , ,

0 2.E+16 / div. 2.E+1? 0 2.E+16 / div,. 2 .E+

DOSE ( cm--? ) DOSE ( cm--.

FIG. 5 Flat-band voltage curves as a function FIG. 6 Flat-band voltage curves as a function
of injection dose. Diamonds: standard sample; of injection dose. Diamonds: sandard sample;
crosses: B sample. the thickness is 270 A. crosses: B sample. The thickness Is 400 A.
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FIG. 7 Evolution of the interface state FIG. 8 Evolution of the interface state
density during the relaxation of the standard density during the relaxation of the 88 sample
sample with a 400 A thickness. Increasing is with a 400 A thickness. Increasing time is
indicated by the arrow. indicated by the arrows.
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SIMULATION OF STRESSED N- AND P-CHANNEL MOSFET'S:
FIXED OXIDE CHARGES AND FAST INTERFACE STATES

A. Schwerin, W. Hinach and W. Weber

SIEMENS Corporate Research and Development, Microelectronics
Otto-Hahn-Ring 6, 8000 MOnchen 83, FRG

MOSFET's stressed at high drain voltages show shifts in the device characteristics. We
study the effect of the stress-induced damaged region on the device characteristics for
conventional n- and p-channel devices. We give a consistent description of degradation
effects on the drain current in the subthreshold and the pentode region of the MOSFET as
well as on the substrate current. In that way it is possible to decide between severe]
models which might be appealing in one or the other regime.

INTRODUCTION DEGRADATION OF N-CHANNEL MOSFET's

Shrinking device dimensions in modern VLSI a) Experimental results:

circuits leads to increasing electric fields. 2pm-NMOS n-channel devices with a gate oxide

This causes considerable shifts in the device thickness of 42nm and conventional arsenic

characteristics. General agreement exists that source-drain implantations were used. In

this degradation is due to some localized oxide figures 1-4 we show the different features for

charges caused by hot carrier injection in the a typical device degradation after 5x104 s of

high field region. Thus we compare experimental stress with Vo=8V and VG=3V.

data with results obtained with a 2-d device b) 2-0 simulation:

simulator which allows for charges at the Si- For our calculations we use a modified ver-

SiO2 interface. sion of the 2-0 device simulator MINIMOS 3 /1/.

n-channel V0-5V n-channel
ne-srel -drain-current

sf.- .- reverseV 0 .1
,podst-stress -vG-4V.4

E 0

-I, -3/

Q 5 Pre-stress /, _

0.1 1ipost- st ress0 .1 Y

i2 3 4 1 2 3~~vDw o(v)

FIGURE 1 FIGURE 2
Drain current vs. drain voltage - experiment; Drain-current vs. gate voltage; experiment:
solid lines (pre-stress), dashed lines (post- solid line (pre-stres%), dashed line (post-
stress normal); dashed-dotted lines (post- stress); simulated data: squares (pre-stress),
stress reverse); stress conditions: VG =3V, circles (fast interface states)
V D =BV, t stress25O0s
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n-channel n-channel
subthreshold . substrate current
Vo-O.6V - Vo=5V

pre-sress post-stress
10 x-tes ,5 - --. normal

,-Oosost-stress
a a-pre-stress

10-7

pst-stress
iy Ireverse".

,21 2 3 4 5 6V IV) 
VG (V)

FIGURE 3 FIGURE 4
Normal mode subthreshold current; symbols Measured substrate current; symbols defined in
defined in figure 2, triangles (simulation with figure 1
fixed negative oxide charges)

Our investigation takes into account two gate voltages. This is exactly what is provided

different effects due to the presence of by acceptor-type fast surface states. Figures

surface charges in degraded transistors: 2, 3, 5, and 6 show the simulated results

i) The potential effect - Surface charges including fast interface states. All simulated

change the electric potential in the adjacent currents are obtained with one parameter set.

channel region. In comparing Fig. 1 and 5 we see: The simula-

ii) The mobility effect - Charges localized tion delivers the same typical asymmetry

at the SiO2/Si-interface act as Coulomb between normal and reverse mode as found in

centers, thus reducing the channel mobility. To experiment. This asymmetry is correlated to a

zero order, the approach of Sun and Plummer /2/ strong localization of the damaged region near

is used here. It turns out that for the drain. Fig. 6 shows the right behavior of the

considered gate length the mobility effect is simulated bulk current. Normal and reverse mode

of little importants. substrate currents are shifted into opposite

The filling and the influence of the local- directions. Only n e g a t i v e charges (or

ized interface states is calculated in our negatively charged surface states) are suited

modified version of MINIMOS in a self-consist- to deliver the sign of this shift in

ent manner because the surface potential is simulation. In Fig. 2 and 3 the excellent

strongly influenced by the presence of surface agreement between experimental results and

charges. To this end a density of states for simulated data using fast interface states is

the fast interface states is introduced. For demonstrated, the triangles in Fig. 3 show the

the sake of simplicity a linearly increasing failure of the attempt to fit the measurements

function between midgap and the band edges is with fixed oxide charges. For all these

used. calculations the charge distribution is located

A first attempt to fit the experimental in a region of lOOnm before the drain region.

results simulating fixed negative charges alone This choice of position and spread gives the
shows that negative charges are necessary but right asymmetric behaviour for normal and re-
their amount has to be adjusted for different verse mode ID  vs. V0  characteristics. The
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to0 p, so=Srs n-channel

.o -Simulation

" reverse VD "5V post-stress
' oSt-st rZs ,/ normal

9
0. - 9 n-channel - - -

Simulation 10'

v~'v ~post-stress"/ . -_--.... .. ... o=2 10. ?ireverse\

0

vD) 1 2 3 4 5
VG (v)

FIGURE 5
Drain current vs. drain voltage - simulation; FIGURE 6
symbols defined in figure 2, rhombs (post- Simulated substrate current; symbols defined in
stress reverse) figures 1 and 2

overall agreement is achieved without assuming performed assuming fixed negative charges near

additional fixed charges. drain. Amount and position of the oxide charge

was fitted to the experimental data. A charge
DEGRADATION OF P-CHANNEL MOSFET's density of 2x101 2e/cm2 within a spread of OOnr

a) Experimental results: delivers good agreement between experimental

lpm-CMOS p-channel devices with a 0.25pm results and simulation. The strong asymmetry of

wide etched spacer were used. The boron source the bulk current between normal and reverse

drain implantation was done after the spacer mode can be understood as follows:

etching.

Figures 7-9 show the shifts in device cha-

racteristics after exposition to a stress of -5 p-channel -- V0 =-5V

V0 =-BV VG=- 2V, which is the voltage condition

-4.~~of maximum degradation, for 15000 seconds. To -

simplify the discussion only absolute values of - v0 '4V

currents and voltages are considered in the /
C-3  

/-
following. , 3

In p-channel devices drain currents are '/ v-3

increased (Fig. 7) and the subthreshold curve -2 /

is shifted to smaller gate voltages (Fig. 8) 1/// revers.2 - -- v
after stress. The bulk current in normal mode revrs 'V - 0 '-2V

operation is drastically diminished whereas the - 'K Post-stress
'pee-struss normal

reverse mode measurement shows an increase

(Fig. 9). - -2 3 -4 -5

b) Discussion of the results v01v)

The overall increase in drain current and
FIGURE7

the shift of the subthreshold current to FGRDrain current vs. drain voltage - experiment;

smaller gate voltages suggests the existence of symbols defined in figure 1; stress conditions:

negative charges. Thus a simulation was VG=-2V, VD=-
8V, tstress=1

5 000 s
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In the reverse mode operation the charges, effect of degradation is nearly the same for

now near source, reduce the channel length, different (characterization) gate voltages.

thus increasing the potential drop at the drain Negative charges in the gate oxide of p-

side. This leeds to an elevated bulk current. channel transistors are not contradictory. A
* In normal mode, the oxide charges reduce the large amount of electrons is generated by

electric field peak near drain, impact impact ionization at the stress bias. A con-

ionization and henceforth the substrate current nection between the injection of these elec-

are diminished. No influence of fast interface trons into the oxide and the degradation of the

states is found in the p-channel device: The p-channel device should exist. This is backed

by the fact that negative gate current and p-

channel degradation show a similar gate voltage
10- post-stress-* --- dependence /3/,/4/.

4 -- pre-stress SUMMARY

We showed a comparison between experimental

_results and simulation of degraded n- and p-

I channel NOSFET's. Throughout this investigation

we considered conventional devices where the

damage takes place near drain under high field

I VD=-O6V stress conditions. In n-channel devices degra-

* 10I I p-channel dation can be explained with acceptor-type fast

subthreshold interface states in the upper half of the Si-

band gap. In p-channel devices negative fixed
VG(V )  oxide charges can explain the observed data.

A more detailed analysis will be presented

FIGURE 8 in a forthcoming publication /5/.

Measured subthreshold current; symbols defined
in figure 1
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P2.2.17

Simulations of aging effects in MOS transistors

C. Bergonzoni B. Doyle
SGS Microelettronica BULL

via C.Olivetti 2 rue Jean-Jaures 78340
20041 Agrate Brianza (MI)-Italy Les Clayes sous Bois-France

1 Introduction 2.1 Simulation of the stress conditions

The study of the effects of aging on MOS transistors The identification of the regions in which injection

leads to the identification of a wide set of phenomena takes place is obviously a major requirement for a de-

effecting the electrical characteristics of a stressed de- scription of aging based on the role of trapped charge.

vice. Degradation of transconductance and threshold For each sign of the channel three stress situations

voltage are commonly regarded as the most impor- have been examined:

tant effects, and several mechanisms have been pro- . A- High drain and high gate

posed for their interpretation; the common statement

of the models is in any case that hot carrier creation a B- High drain and low gate

and injection into the gate oxide stays at the origin * C- Low drain and high gate

of any observed aging degradation, while there is not

agreement about the way it acts on the physical status This preliminary work has led to the identification

of the device after the stress [1,2,3]. The purpose of of two possible injection regions, in which the sign of

clarifying the description of the aging effects has been trapped charge depends on applied bias; these regions,

here pursued mainly by means of 2-D device simula- that will be in the following referred as region 1 and

tions, that allowed the analysis both of stress condi- region 2, lie, as shown in fig.1, over the terminal zone

tions and stressed devices operation; the comparison of the channel near the drain diffusion and in the gate

of simulations to experimental data shows that the overlap sone. In particular, simulations show that in

simple location of fixed charge in different regions of the bias situation A- minority carriers can be injected

the gate oxide is able to reproduce the observed device in resion 2, in bias case B- majority carriers can be

behaviors, while a further confirmation of the valid- injec d in region ", while in case C- minority carriers

ity of this approach is given by a Fowler-Nordheim can be injected in region I. The terms 'majority' and

tunneling experiment in which charge is injected and 'minority carriers' are here used with regard to the

trapped exclusively in the overlap region between gate bulk doping type.

and drain. Simulations and experiment suggest that, for given

high drain voltage, a critical gate voltage defines the

2 Simulations boundary between hole and electron injection. It can
be seen [4] that hole injection is possible only with

The 2-D device simulator we used during this work is gate polarization much lower than drain voltage; this

the Poisson and continuity equations solver HFIELDS, gives for the gate critical bias a value just above the

developed at the University of Bologna; it was inserted threshold voltage. It should be pointed out that

in a simulation environment called IDAS, which allows since our simulation program doesn't provide at present

the set up of the geometric structures needed for the a carrier multiplication model, the identified regions

simulations and the extraction of the results by means are to be considered as possible injection regions, as

of various graphic tools. The simulated devices were the simulation doesn't give any information about the

n-channel and p-channel MOS transistors, with gate energy of the carriers and the actual multiplication

length from 1.25 pm to 1.75 pm. rate, but it only reports the intensity and direction of
the electric field vector.
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2.2 Simulations of stressed devices 12 vs v3

Simple box-like charge distributions have been local- /
ised at the interface between gate oxide and silicon,

following the guide lines coming from previous simula- -t

tions. Regions I and 2 have been given a spatial extent

of 0.15 pm beyond and within the lateral drain junc-

tion. Three fundamentally different behaviors have

been observed, depending on the spatial distribution 0.5 1.8 1.

and on the sign of fixed electric charge: they can be V3 (V)

summarised as follows: Figure 2: N-channel transistor transfer characteristics be-
fore and after stress ; negative fixed charge in region 2

* Bias case A-:High gate, high drain; minority car- (4. 10' 2cm - 2 )

rier injection in region 2: decrease of transcon-

ductance. V

* Bias case B-:Low gate, high drain; majority car- /

rier injection in region 1: increase in transcon-

ductance.
Cc. t

* Bias case C-:High gate, low drain; minority car-

rier injection in region 1: increase in threshold

voltage. 8.5 1.8 1.V3 (v)
Figures 2,3,4 show the transfer characteristics for aa Figure 3: N-channel transistor transfer characteristics be-

n-channel transistor before and after stress in the three fore and after stress ; positive fixed charge in region 1

situations above summarized. (4 1012cm - 2)

12 vs V3
Device N I

LC

C6 rJ

2.3 2 4 2.5 2.6 2.7 0.5 1.0 1 .
Length (UMn) V3 V)

Figure 4: N-channel transistor transfer characteristics be-

Figure 1: Schematic structure of the simulated devices, fore and after stress; negative fixed charge in region I

with indication of injection regions 1 and 2 (3 - 0'1 cm- 2 )

3 Experimental of Vrn, the transconductance, but that the degrada-
tions are limited to gate voltages above the threshold

Hot carrier stressing was carried out on 1.5 ism gate voltage - that is, there is no shift in threshold volt-

length, 25 pm gate width, wet gate oxide transistors. age. Analogous experiments, whose results are not

The conditions of stressing were V, =5VV 9V. pictured here owing to apace limitations, have been

The d - V m curves were taken after fixed times on performed under different stress conditions and on P-

a log scale, with interval A(oogQ)) = 0.1. It can be channel devices, showing the behavior predicted by

seen (flg.5) that the stressing results in a degradation simulations. In order to verify the localization of
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the trapped charge, given by the above simulations, 1 -- ..............

Fowler-Nordheim (F-N) inje' tion measurements were
also performed. Here, electrons are injected from the 80
gate to the drain and the effect of this injection on

a: 0  tthe Id. - V. characteristics is examined. The injec-

tion from the gate is performed in the constant cur-

rent mode, and in order to localize it to the gate-drain 0 40

overlap region, a voltage is applied to the drain (10 20
V) with the source grounded. The injection thus takes

place solely between the gate (biased at -20 V) and the LI I"ItAlI hItit 1 ItMu1111lttJ10 2.0 3.0 tI.iILLL.
drain, as the potential difference is here of the order Vg ( L IN ERR )

of 30 Volts. In this configuration, the field between

gate and source, or gate and channel, is too small to Figure 5: Experimental transconductance degradation in
stressed n-channel transistors

result in F-N injection.0

Figure 6 shows the result of this stress injection on (UA

the 'd - Vs characteristics. Curve a) shows the char- 100.0 a

acteristics before injection. Curve b) was obtained by c
injecting for 10 seconds with a gate current of 5OpA.

It can be seen that the effect is to cause a change in 1%0"

the transconductance, but at gate values above the IV d

threshold voltage. This is identical to the simulation

of positive charge in figure 3 and indicates that, ini-
tially, holes are trapped in the oxide. For longer times

(500 and 1000 seconds, curves c) and d) respectively)

and higher injection levels (500 pA) the lI. - V, char- .00. 1.0-0 I. 5.00

acteristics can be seen to degrade, but once again only vS .4000/alv ( v)

above threshold voltages. Since in this experiment Figure 6: Degradation induced by a Fowler-Nordheim tun-
neling experiment, with charge injection in the gate-drain

we control the spatial distribution of injected charge overlap region, a) unstressed device, b) 10 seconds-50 pA,

in the overlap region, we can compare these transfer c) 500 seconda-500pA, d) 1000 seconds-500pA
characteristics to the simulations shown in fig.2, con-
cluding that charge trapping above the drain in the localisation over an extended region of the channel

gate oxide confirms experimentally the simulation re- will induce a channel-top sone, preventing carriers
suits for an analogous charge distribution, that are from getting to the drain until the local threshold volt-

indeed seen in rel stress conditions. age of the stressed region has been reached and even
that part of the channel has been inverted (fig.9).

4 Discussion and conclusions It will be shown elsewhere 15] that it is possible to

From a qualitative physical point of view, the decrease state a semi-empirical 1-D analytic model, giving ac-

of transconductance can be interpreted as the effect of count for these and other aging effects, such as transcon-

a thin potential barrier near the drain junction, which ductance overshoots and distortions.
limits the number of carriers reaching the drain itself The simulation of localised layers of fixed charge

in different regions of the gate oxide seems so to be

(fig.7); the increase of transconductance is a simple ef-
able to reproduce several experimented aging effects;feet of channel shortening, due to the strong inversion
it should nevertheless be pointed out that this doesn't

of a region of the channel, that operates like a kind of

drain extension (ig.8); fiexclude the existence of other and different mecha-
nisms, such as mobility degradation, causing modifi-
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cations in the electrical characteristics of a stressed 1D no 'U

device. What here is shown is that an analysis of the
tO

simpler effect of stressing, that is hot carrier injection

and trapping in the gate oxide, is a valid tool for the
identification and prevision of the kind of degradation

that a device will undergo if subjected to certain stress

conditions. The existence and effect of stress induced E-

ID nodal Alot 0. 8.5 i.e 1.5 2.
U Distance (um)

Figure 9: Potential barrier for minority carrier injection in
region 1, resulting in threshold voltage increase (see flg.4)

0..
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P2.2.18
GAMMA-RADIATION EFFECTS IN CMOS TRANSISTORS

S. Golubovid, S. Dimitrijev, 0. 2upac, M. Pejovid, N. Stojadinovi

Faculty of Electronic Engineering, University of Ni§
Beogradska 14, 18000 Nig, Yugoslavia

Effects of gamma-radiation in Al-gate and Si-gate CMOS transistors have been investi-
gated in this paper. It has been found that, besides the well-known threshold voltage
instabilities, radiation causes the gain factor instabilities as well. These instabili-
ties of CMOS transistor electrical parameters have been found to be caused by signifi-
cant increase of positive gate oxide charge density and somewhat smaller increase of
interface trap density. While the positive gate oxide charge increase has been explai-
ned in terms of the broken bond model, a new model has been proposed to elucidate the
interface trap increase as well as existing partial compensation of the created positi-
ve gate oxide charge. Finally, note that no significant difference in radiation hard-
ness between Al-gate and Si-gate CMOS transistors has been observed.

1. INTRODUCTION CD4007UB integrated circuits, produced by the
The influence of radiation on MOS devices has standard technological procedure for CD4000 se-

been extensively investigated, and as emphasized ries CMOS integrated circuit manufacturing, whi-
in the textbook by Nicollian and Brews ill, the le Si-gate CMOS transistors were from specially
main radiation effects are due to the creation designed test chips RT2OAC, produced by the sta-
of both positive gate oxide charge and interface ndard technological procedure for 18000 series
traps. However, as the results about the types CMOS microprocessor manufacturing. It should be
and quantities of the created gate oxide charge emphasized that the gate oxide (go nm thickness)
and interface traps were generally obtained by was formed in a wet oxygen with presence of 0.2%
analysis of C-V curves of MOS capacitors, there C2HC13, and the chips were assembled in ceramic
was no relationship to degradation of electrical dual-in-line packages.
characteristics of CMOS transistors. On the ot- The transistors under investigation were irr-
her hand, in the papers where CMOS transistors adiated using the 60Co radiation source, with
have been used to investigate instabilities of no bias applied. After given radiation doses,
their electrical characteristics, results concer- the CMOS transistor transfer characteristics we-
ning analysis of instability mechanisms (changes re measured in order to determine the threshold
in the gate oxide charge and interface traps) re- voltage and gain factor which are the most im-
maineJ in the scope of qualitative descriptions. portant electrical parameters of a MOS transis-

In this paper, an investigation of gamma-ra- tor.
diation effects in both Al-gate and Si-gate CMOS The threshold voltage behaviour of both Al-
transistors is made using the recently proposed gate and Si-gate CMOS transistors during the
method 121 for calculation of the gate oxide cha- irradiation is shown in Fig. la. As can be seen,
rge and interface trap densities by MOS transis- the threshold voltage of PMOS transistors* in-
tor transfer characteristics. The obtained resu- creases in the case of either gate-type. On the
lts are analyzed to provide a structural and/or other hand, the threshold voltage of Si-gate
chemical insight into the problem concerning cre- NMOS transistors decreases all the way, while
ation of the oxide charge and interface traps. the threshold voltage of Al-gate NMOS transistors

2. EXPERIMENTAL RESULTS decreases only up to the dose of about 105 rads,

Al-gate CMOS transistors used were from * The absolute values of the threshold voltage of
PMOS transistors are considered in this paper.
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1012 A linear dependence of the positive gate oxi-
NMOS PMOS de charge increase on the radiation dose should

o * Al-gateth
be expected if the charge was created by the me-

& A Si chanism described above. As can be seen from Fig.

Q/q 2 we have found such a behaviour up to the dose

- 101of about 2x104 rads. In addition, significant
10 a 

differences in the densities of the created po-

za sitive gate oxide charge between NMOS and PMOS
/; dose transistors, as well as between Al-gate and Si-

*oN •tgate transistors, have not been observed in this
1 [A region, what is also quite sensible.

0 345However, at higher doses the rate of increase103 104 105

dose (rads) of the positive gate oxide charge is reduced,

causing a departure from initial linear depen-

dence of the oxide charge on the dose (Fig. 2).FIGURE 2 thsbe eie 111 hti sdet a
Effects of gamma-radiation on gate oxide charge It has been belived C1,11] that it is due to pa-
and interface traps of CMOS transistors rtial compensation of the positive gate oxide

transistor electrical parameters are caused by charge caused by electron tunneling from the si-

significant increase of the positive gate oxide licon which'is enhanced by the electric field

charge in both Al-gate and Si-gate transistors, of the trapped positive gate oxide charge. How-

and somewhat smaller increase of the density of ever, in our opinion this mechanism cannot be

interface traps in Al-gate transistors, responsible for this effect because of at leastintefac reasons inst thet signiisansdtferen

The fact that the radiation creates a signi- three reasons. First, the significant differen-

ficant amount of the positive gate oxide charge ce in the density of net positive gate oxide

is well known Mlj and has been explained in ter- charge between NMOS and PMOS transistors, which

ms of broken bond model c61. Namely, because can clearly be seen in Fig. 2, could not be ex-

of the great flexibility of the Si-O network and plained by this mechanism. Second, the gate oxi-

Si-O bonds, a Si-O bond can break by rotation de electric field, caused by the work function

and redistribution of the bonding electrons, wi- difference and the gate oxide charge is too low

(about 0.1 MV/cm) to be assumed as a posible ca-thout significant atomic displacement. which can

hardly be caused by ionizing radiation anyway use of electron tunneling. Third, tunneling of

E73. During that process, electrons are removed electrons from the silicon into the oxide elec-

from the atomic bond c61 and, being free, drift tron traps has not been found even after stres-

away from the oxide to a more positive electrode sing by high positive gate oxide electric fie-

(usualy, it is the gate), while holes remain ca- Ids M.

ptured at either the formed trivalent-silicon Instead of electron tunneling, the partial

traps (=Si*) 17.83 or nonbrldglng oxygen traps compensation of the created positive gate oxide

(Si-O) 6,83. These holes are trapped very cl- charge can more duly be explained by the follo-

ose to the oxide valence band (at about 0.4 eV wing mechanism. First, remember that holes crea-

ated by irradiation move towards the oxide-sili-~above the valence band 173) and can easily move

towards the oxide-silicon interface 191 where con interface. As the large amount of rather we-

much deeper hole trap levels are located cB,1O. ak Si-H and Si-OH bonds 173 (formed by the anne-

aling of interface traps, which is commonly used
The bars indicate that the Si atom is bonded during device production c1) existsat the oxi-to three 0 atoms, and the dot represents theunsaturated bond. de-silicon interface, the holes reaching the

/
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starting to increase beyond that dose. It should ctor increase in Si-gate PHOS transistors. As

be noted that the presented behaviour of the th- regards Al-gate transistors, it is in accordan-

reshold voltage of Al-gate NMOS and PMOS transi- ce with previously published results 14,51 imp-

stors has also been observed in many experiments lying the fact that radiation reduces mobility

performed by other investigators, and it has be- of channel carriers, i.e. the gain factor. How-

en generally established as a typical behaviour ever, to our knowledge, there are no published

13. On the contrary, investigations for Si- results concerning the behaviour of either the

gate transistors have not been made so widely, gain factor, i.e. mobility of channel carriers,

and published results [31, expressing that the or transconductance of Si-gate transistors.

threshold voltage shifts of Si-gate transistors

are much greater comparing to Al-gate transisto- 3. ANALYSIS

rs, differ from those given in Fig. la. It is very important to determine and analy-

The gain factor behaviour of the investiga- ze instabilities of the gate oxide charge and

ted transistors is shown in Fig. lb. It can be interface traps which cause the changes in the

threshold voltage and gain factor described abo-

4 -NOS PMOS ve. It can be performed on the basis of the th-

o e Al-gate reshold voltage and gain factor data according

Si-gate to the recently proposed method 12]. In this me-

3 -thod, densities of the gate oxide charge and in-

terface traps of CMOS transistors can be deter-

2 -mined using the models for their influence on

the threshold voltage and gain factor. These mo--

dels for NMOS and PMOS transistors are given by

the following expressions c2l:

V V Qoc +qNit
VT T + TO (1)

0ox ox103  104  105

(a) dose (rads) 8o
4 8 ±cz fq~i N(2)=

_I ± Qococq + aitNit

In expressions (1) 1 (2) VT and B are the thres-

a hold voltage and gain factor, respectively, wh-

.ich account for effects of the gate oxide char-
- ge (Q and interface traps (Nit); VTO and 1o

a0.5 - are the threshold voltage and gain factor, res-

pectively, when there are no gate oxide charge

and interface traps; aoc and ait are the coef-

0.0 3 1ficients in the model for gain factor expressing

(b) dose (rads) the influence of the gate oxide charge and in-

terface traps, respectively (ooc=O.
2xlO -1cm

2

FIGURE 1 -it=3710-11 cm2
Effects of gamma-radiation on threshold voltage and t2)).
(a) and gain factor (b) of CMOS transistors The changes in the gate oxide charge and in-

terface traps of Al-gate and Si-gate CMOS tran-
seen that the radiation leads to the gain factor sistors during the irradiation, as obtained us-

decrease in Al-gate NMOS, Al-gate PMOS, and Si- ing expressions (1) and (2), are shown in Fig.2.

gate NMOS transistors, as well as to the gain fa- Obviously, the observed instabilities of CMOS

727



I!

interface give rise to their dissociation by the and SI-gate CMOS transistors have been obtained

following reactions: indicating that there is no significant differen-
Si-H + h+ . Si + H" (3) ce in radiation hardness between the two techno-

+ -. +Si-OH + h * Si + OH* (4) logies.
The underlying creation of the gate oxide cha-

The released hydrogen atoms and hydroxil groups
easily diffuse through the oxide E71, after wh- rge and interface traps has been analyzed usingeasil recently proposed tetho oxid for afte wah-u
ich the trivalent-silicon defects formed become the recently proposed method 121 for the calcu-

stable. It is well known that those interface lation of the oxide charge and interface trap de-nsities fro the threhol voltwn that ghose inteac
trivalent-silicon atoms introduce the allowed nsities from the threshold voltage and gain fac-
energy levels into the forbiden gap of the sili- tor data. The positive gate oxide charge density

con Ell, and what is important, a part of those increase, caused by breakage of-Si-O-SiBbonds,

atoms (having energy levels below the Fermi le- as well as interface trap density increase, cau-

vel) are neutralized by free silicon electrons. sed by breakage of Si-H and/or Si-OH bonds (whi-

In this way, a part of positive gate oxide char- ch mechanism is, in our opinion, also responsi-

ge is compensated. Note that this compensation ble for the partial compensation of the created

is more pronounced in NMOS transistors, what re- positive gate oxide charge),have been found.

sults from the higher position of the Fermi le- REFERENCES
vel under strong inversion condition.

On the other hand, the trivalent-silicon at- El) Nicollian, E.H. and Brews, J.R., KOS Phy-
sics and Technology (John Wiley, New York,

oms having energy levels within about 0.1 eV 1982).
above and below Fermi level, continously captu- 121 Dimitrijev, S. and Stojadinovid, N., Solid-
re and release free carriers, which mechanism State Electronics, in print.
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used. It can be seen from Fig. 2 that these in- P., ZEE Proceedings 132 (1985) 184
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4. CONCLUSIONS 1203

The gamma-radiation effects in Al-gace and El) Boesch, H.E., McLean, F.B., Benedetto, J.
invetigaed M. and McGarrity, J.N., IEEE Trans. Nudl.Si-gate CMOS transistors have been investigatednc Mc-33 (16 1~Science NS-33 (1986) 1191

in this paper. It should be emphasized that we
have obtained typical, and in literature widely
reported threshold voltage shifts of the irra-
diated CMOS transistors, but additionally, we
have presented the accompanying gain factor in-
stabilities of those transistors. Note that ra-
ther similar radiation responses of both Al-gate
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TENPERATURE INCREASE BY SELF-HEATING IN VLSI CHOS

j D.Takacs,J.Trager

Siemens AGCorporate Research and Development,ficroelectronics
Otto-Hahn-Ring 6, D-8000 Munich 83, FRG

Experimental and theoretical investigations were carried out to study the
steady-state and transient self-heating effects in VLSI MOST's.The drain and
substrate currents and the thermoelectric power in the substrate were used to
monitor the internal temperature of the MOST.The results show that the devices
operate in non1sothermal conditions due to the temperature rise in the device
caused by self-heating in the steady-state and the transient regimes.

I.INTRODUCTION 2. STEADY-STATE SELF-HEATING EFFECT

The self-heating effect caused by power The cross sectional view of the test
dissjoation at high power densities is structure used for heating by an adja-
well known for power MOSFET's El), for cent MOS transistor is shown in Fig.l.
high voltage integrated HOST's [2] and This is a gated inverter structure, con-
for FIDS transistors operated at cryoge- sisting of an n- and a p-channel tran-
nic temperatures [3]. sistor. Investigating one of the tran-
The thermal response to an ESD pulse in sistors, the other one can be used to
CtOS input protection circuits was in- additionally dissipate power (in the
vestigated theoretically as well [4]. following called transistor heating).

However,the self-heating effect has not device under transistor
been analysed for VLSI fIOSFET's at room test for heating
temperature. Although maesurements have G
been carried out for HOST's in the tem-
perature range of 77-300 K (5],no self-
heating effect was observed, since the
dissipated power density was too small
to detect the effect.

As the feature sizes in VLSI CMOS are p-w
continously scaled down to submicron di-
mensions,the power density strongly in-
creases at constant operating voltages.
Host of the power in 11S transistors is n-substrate
dissipated in the pinch-off region at
the drain side. If the power density is Fig.l: Cross sectional view of the test
high enough,significant heat is produced structure with the device under testin the IIOST.This leads to a local tempe- and the heating transistor. (Nn = 50um,

rature increase that changes the output Np = 100um).
characteristics of the device itself and
can thermally influence other devices The influence of the additionally
in its vicinity.leading to thermal coup- dissipated power of 330W in the p-chan-

r ling between adjacent devices.One con- nel transistor on the output character-
sequence of the local temperature rise istics of the adjacent n-tIOS transistor
in HOSTs is a reduced drain current. is shown in Fig.2. The influence of the

In this paper,experimental and thee- transistor heating is clearly seen:
retical results are presented for the with transistor heating,the temperature
steady-state and transient self-heating at the n-OS transistor increases and
effects in VLSI-HOST's at room tempera- the drain current is reduced.
ture. The drain and the substrate cur- Further experiments show that the drain
rents and the thermoelectric power in current reduction depends linearly on
the substrate were used as monitors of the power dissipated in the transistor
the internal temperature in the HOST. used for heating.
The self-heating effect was also studied The same drain current reduction can be
by calculations of the steady-state and achieved without transistor heating by
transient temperature distributions in increasing only the ambient temperature
the substrate. Ta-To+AT. In this way an equivalent te-
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perature increase &Teq can be found for 70

every power P dissipated by the heating M----43v

transistor. At an elevated ambient tem- pA A V

perature Ta-To+4Teq without transistort
heating and at ambient temperature To so -
with transistor heating, the two output Psustrate
characteristics coincide.

2 without transistor heating 30
| --with transistor '

mA| heating

S0 without transistor heating
10 0 with transistor heating P-650mW

0 40 80 120 'K 160
a T -

Fig.3: Influence of the transistor hea-
ting and the ambient temperature on the
maximum substrate current of the nMOST.

v0 2--. 10 .

Fig.2: Output characteristics of an n- 20 s
channel transistor without and with
transistor heating at the p-channel mv mA
transistor (P=33OmN). / 102

An equivalent temperature increase o
ATeq = 13 K was found for a dissipated E 25

power P-33m4 for the geometry given in /0Vhra2
Fig.l.The spacing between the n-channel
transistor and the transistor used for
heating is relativly large (about 20un). /
It is evident that the temperature in- /
crease in the heating transistor itself
is much higher. The measured drain cur-
rent reduction and the corresponding 0 0
equivalent temperature increase caused 0 00 20 P W 40

by the transistor heating are signifi-
cant considering the relatively large Fig.4: Steady-state thermoelectric power
distance. Vthermo vs. power dissipated in the p-

Fig.3 demonstrates the influence of channel transistor.
the transistor heating on the maximum
substrate current of the n-MOST at a that is totally isolated from the sub-
given operating point. The transistor strate.
heating, as expected, reduces the sub- The internal temperature in the hea-
strate current,being carrier multiplica- ting transistor itself can not be deter-
tion induced.Increasing the ambient tem- mined by electrical measurements in the
perature, the substrate current also steady-state. One can only estimate the
decreases. temperature distribution in the device

A further evidence for the self- caused by a steady-state power density,
heating effect in VLSI MOS transistors if one solves the heat conduction equa-
is presented in Fig.4. The thermoelec- tion for a given geometry.
tric power Vthermo as a function of the The 3D heat conduction equation was
dissipated power P is shown for differ- solved analytically for the steady-state
ent gate voltages of the heating tran- in a similar manner as described in [6].
sistor.The corresponding drain currents The results of the steady-state calcula-
are also shown.It can be seen. that the tion of the temperature distribution
thermoelectric power depends only on are shown in Fig.5.
the dissipated power and is independent A dissipated power of 200mW on the
of the partial quantities Id or Vds.The surface area of Sum-5um results in a
same result is obtained if the power is maximum temperature increase of 130 K.
dissipated in a poly-sLlicon resistor The temperature gradient is very large.

730



#7

temperature increase, but the time con-
stant seems to remain the same.AT.130'K

-3.2

-3. P-32mW

J,, WIL 20m/3.0#m

p -channel

0 400 800 fl #0
Fig.5: Calculated temperature increase t
in steady-state for a power of 200mW Fig.6: Drain current reduction vs.time
dissipated in a 5um-5um area on the sur- for two different dissipated powers in
face of a chip sized 2m*2mm. a p-MOST. Power dissipation started atI t=O.(Vgs=Vds)

The measured temperature 
increase of

10-15 K in Fig.2 and Fig.3 is in good The transient drain current reduction
agreement with the results of the rough by self-heating as a function of the di-
theoretical estimation for comparable ssipated power is demonstrated in Fig.7.
power densities at a distance of about The drain current reduction is already
20um from the heating-source.Fig.5 also significant for dissipated powers above
suggests that the temperature increase lO1W.The slope of the curve is 4.5uR/mW.
in the heating transistor itself is
much higher.

rp -channel0

3.TRANSIENT SELF-HEATING IA ADPP4"5 A/mW

Since integrated circuits usually ope- -0
rate in a dynamic mode, it is important 200to investigate the time dependence of 

0
the self-heating effect.One possibility
to study the transient self-heating -
effect is to measure the time dependence
of the drain current reduction. 10

Single pulse drain current measure- 0 W- 20Im
ments were carried out with pulse rise 0 L 3.0gm
times in the ns range (typically 10 ns) 0
and pulse drations from lO0ns up to a0few as to reach steady-state conditions.0

The drain current reduction vs. time 0 0 4 mW 60
is shown in Fig.6 for two different di- P

ssipated powers P,( P-Vds-Id in steady- Fig.7: Earliest measurable transient
state.recombination processes were neg- drain current reduction of a p-MOST vs.
lected). At first,the drain current de- power dissipated in it.
creases strongly with time and satu-
rates in the us range.The drain current As device dimensions are scaled down
reduction and thus the intrinsic tempe- to submicron levels.the problem Will be[ rature rise is very fast and most of much more severe because the dissipated
the effect seems to happen in the first power density in the MOST strongly in-
30-50 ns after power dissipation has creases.Furthermore,the thermal conduc-
started.However, reliable measurements tivity of the silicon substrate decrea-
were possible only at times longer than ses because of the higher doping con-
about 30ns.For shorter timesonly simu- centration used to avoid short channel
lations could be used to conclude what effects in VLSI.Therefore, the channel
happens at the beginning of the power length dependence of the self-heating
dissipation. has to be investigated.
The earliest measurable drain current Fig.8 shows the drain current reduction
reduction for 32mW is about 71, which as a function of time for different
probably underestimates the self-heating channel lengths at constant dissipated
effect.Lower dissipation leads to lower power P-32mW.
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Decreasing the channel length,the detec- Fig.9 shows the calculated temperature
table drain current reduction and the increase for different dissipated powers
time constant decreases. For a channel in the first 200ns.
length of lum,no drain current reduction In the calculations, one half of the
can be observed. We conclude from the power is dissipated in the channel area
shorter time constants for shorter chan- and the other one in the pinch-off re-
nel lengthsthat the self-heating pro- gion ( delta-function ).
cess for Llum already has completed in A signifficant temperature increase
the first 30ns. takes place in the first few nsas the

results of the experiments indicate.
Furthermore,the self-heating effects

-0 m in n- and p-HOST in triode or saturation

# 1.25#m regions seem to be identical.
The investigated nMOST show similar

-00 L2.0m self-heating effects independent of the
.9 L=3.010m drain fabrication process (conventional

"N or LDD).However,the transient drain cur-

-200 / rent reduction is more complicated:the
w-20m nOST with short channel lengths can

p-channel operate in bipolar mode with positive
'30 temperature coefficient of the corres-

, . , , , . ponding collector current.

o 0 W Oo 1200 4. CONCLUSIONS
t

Fig.8: Drain current reduction vs.time Steady-state and transient self-heating
for different channel lengths, effects were investigated in VLSI MOST
The dissipated power in the p-HOST was at 300 K.A consequence of the self-hea-
kept constant at 32mW. ting is a reduced drain current. The

drain current reduction will be even
To estimate the self-heating in this more severe at higher power densities
time region the time-dependent 2-D when device features will be further
heat conduction equation has been scaled down in the future.
solved (as described in [7]). The transient drain current reduction
The homogeneously doped silicon chip has is faster for shorter channel lengths.
infinite dimensions in this model and Thus most of the heating effect seems to
the heat-source term has two components: happen in the first few ns for L<=Ium.
a delta-function distribution adjacent These results suggest that the HOSTs
to the drain and an even distribution in VLSI operate in nonisothermal condi-
for the channel area. No heat transfer tions.
from the surface is considered.
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CHARGE LIMITED BREAKDOWN IN MOS CAPACITORS

B.A. AMERASEKERA and D.S. CAMPBELL

Department of Electronic and Electrical Engineering,

Electronic Component Technology Group,
University of Technology, Loughborough, Leicestershire, LEll 3TU, U.K.

Investigations into the electrical breakdown of p-Si MOS capacitor structures
have been conducted for both pulsed and continuous voltage stress conditions.
The experimental results show that the threshold voltages for breakdown are
dependent on the amount of charge supplied to the MOS system. An analytical
treatment of the breakdown conditions with both positive and negative polarity
pulses has been given. The breakdown under continuous stress conditions up to
100 ms has been shown to be related to the duration of the applied voltage and,
hence, the charge injection required to provide sufficient energy to initiate
damage.

1. INTRODUCTION theoretical treatment of the charge conduction

Recent investigations into the electrical process, in order to develop a model of the

breakdown of SiO 2 under high field stress breakdown process with both positive and

conditions, have indicated that the sensitivity negative pulses.

of MOS structures is related to the charge 2. EXPERIMENTS

injection and conduction mechanisms in the 2.1 The Device Structures
dielectric 11] 2 3]. Other workers 14) 15]~p-Si MOS capacitors were used in the

(6] have suggested that breakdown is influenced~experiments. They were supplied as part of MOS
by the applied electric field. Most studies to

date have concentrated on the breakdown in process assessment wafers by Plessey Research.

constant electric fields. Maximum breakdown Figure 1 illustrates schematically a cross-
section of the device.

thresholds in these conditions are in the region

5-10 MVcm
-1

Previous work by the authors (7] 81 have POLYSILICON n FIELD

shown that NOS capacitors can withstand fields OXIDE

up to 50 MVcm under pulsed conditions. Such Boron implant(+

fields are commonly experienced in Electrostatic

Discharge (ESD) damage and in some cases when p type Si

large voltage transients are obtained in the
course of normal operation. The investigations
presented in this paper examine the mechanisms

of pulsed breakdown and the influence of charge Figure I Schematic cross-section of MOS

carriers on the breakdown process. 
capacitor structures.

Experimental results showing the relation-

ship between amount of charge and the breakdown A n -polysilicon gate was deposited on a

voltage (Vbd) under both pulsed and constant thermally grown Si0 2 layer 400A thick. The

voltage conditions are given. A comparison is p-type Si substrate had a dopant concentration

then made of the experimental data with a of approximately 4 x 10 cm-
. The capacitors
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had an area of 49 x 10 - 5 cms2 . 
Preferential t

boron doping (by implantation) of the Si surface I rise
1 6 -3 o 

/so

to a concentration of 1 x 10 cm was also

present in some capacitors, thereby simulating S
the gate-oxide capacitors in standard 1840

transistors. Both implanted and unimplanted

devices were used in the experiments. 0 " _

2.2 The Voltage Pulse Generator J*trise--l 'me

The voltage pulse was generated using the t sec-

discharge system described in Figure 2. Figure 3 Voltage pulse wafeform

R1  R2

1 S 2 2.3 Measuring Techniques

The static discharge system also measured

the current-voltage characteristics of the

Pe 2 capacitor before and after application of thePower -r. 2
Supply pulse. A predefined change in leakage current

(taken as ±2VA) at a given gate voltage, after

application of the pulse, was taken to indicate

R I I M a breakdown.

R - 1.5 k 9 Continuous voltage stress was provided by a

C - DISCHARGE CAPACITOR KEITHLEY 230 programmable voltage source. The

C - NOS CAPACITOR system was connected as shown in Figure 4.

I-V
Figure 2 Circuit used for voltage pulse VL? I plotter

generator _t N4OS ..4 a _L capacitor

KEITHLEY 230
~Programmable voltage

This circuit is based on the MIL-STD-8B3C Source

* model for testing Electrostatic Discharge (ESD)

sensitivities of devices. A commercially Figure 4 Circuit used for continuous voltage

developed system, the Hartley AUTOZAP, capable stress experiments

of producing voltage pulses of varying magnit-

udes with rise times of the order of 100 ns

was used in the experiments. A typical voltage

pulse is shown in Figure 3.

Breakdown was monitored using the current-

voltage measuring system available on the

Hartley Autozap. This ensured compatibililty

with results obtained for pulsed breakdown.

2.4 Pulsed Voltage Breakdown Thresholds

The threshold voltages for breakdown under

pulsed conditions were determined by varying

the discharge capacitor,Cl, as shown in Figure
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2. The value of the capacitor used in the MIL- +Vbd(VOlts)

STD model was lOOpF, and the breakdown voltage

using this discharge capacitor is usually taken 60

as a standard. C1 was varied between 4pF and I -j- Implanted devices

400pF and the breakdown thresholds were deter- 550 0 Uhimplanted devices

mined. Since the charge in the capacitor is
- 50

given by Q - CV, a relationship between the

breakdown threshold and the charge can be found. 450

Both positive and negative polarity pulses were
40a

applied.

2.5 Continuous Voltage Breakdown Thresholds 350.

Under continuous voltage conditions, the 300-

influence of the dwell-time of the applied volt- 250 +
age on the breakdown threshold was determined o
using the programmable voltage source. Threshold 200- +
breakdown voltages for dwell-times ranging

between 2 ms and 100 ms were determined for 150"

samples of 5 capacitors at each time interval.

2 ms was the low limit of the voltage 
dwell-time 1oo

available on the power supply. As noted 50

previously, only negative polarity voltages were
Sapplied. 0 50 1;0 1 50 200 250 300 35 0 400

3. RESULTS C (pF)

3.1 Pulsed Voltage Breakdown Thresholds

The pulsed voltage breakdown thresholds as Figure 5 Graph of pulsed Vbd vs. discharge
capacitor, C, for positive voltages

a function of the magnitude of the discharge

capacitor are shown in Figure 5 for positive -Vbd(volts)

voltages, and in Figure 6 for negative voltages.

-350 -. Implanted devices

-300 0 Unimplanted devices

-250

-200

-150
e

-100

-50.1

0 50 100 150 200 250 300 350 400
C (pF)

Figure 6 Graph of pulsed Vbd vs. discharge
capacitor, C 1 for negative voltages.
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Each figure indicates the variation of breakdown p-Si MOS structure, the gate electrode becomes
+

thresholds for devices which have a preferential the cathode. The n polysilicon gate has a
21 -3boron implant at the Si surface as well as the very high density of electrons (10 cm

thresholds for unimplanted devices, available for injection into the SiO 2. In these

It can be seen from these curves, that the conditions, the applied field enhances the

positive voltage breakdown thresholds are much injection mechanisms by which electrons enter

higher than the negative voltage thresholds. the SiO 2 conduction band, and then provides

They are also different functions of the dis- the necessary energy to cause the Si02 to break-

charge capacitance. These factors will be down.

discussed in detail in Section 4. 4.1.2 Positive Voltage Conditions

The results proved to be very consistent

between devices of identical structures. Errors The application of a positive voltage to

in the measurements were introduced by the min- the gate of the structure causes the p-S'

imum voltage increment, AV, available in the surface of the capacitor to be the cathode.

static discharge equipment. Typically for However, the p-Si surface has to first become

positive voltage pulses, AV was 20V, indicating inverted before electron injection can take

an accuracy of t±0V and for negative voltage place. The response times of minority carriere

pulses AV was 1OV, indicating an accuracy of to an applied voltage are typically betwee

±SV. 10- 3 and 10
- 2 secs 19) 110], and voltages witi

rise times faster than this would not allow
3.2 Continuous Voltage Breakdown Thresholds the inversion layer to form. As a result, the

The variation in continuous voltage breakdown maximum depletion layer width increases until

thresholds for unimplanted p-Si MOS structures the field in the Si is high enough to cause

is given in Table 1, as a function of the avalanche breakdown. Minority carriers then

duration of the applied voltage, At. Only flood the Si surface [11]. Electrons reaching

negative polarity voltages were used: the Si-Si0 interface can have sufficient energy
2

Accuracy of the voltage breakdown readings to be injected into the SiO 2 If the injected

were around ±0.15V limited by the increments carrier density is of the right order of

possible in determining breakdown for a given magnitude, destructive breakdown of the oxide

At. However, great consistency of results were will occur.

obtained which allows much confidence to be Typical avalanche breakdown fields are in

placed in these readings. the region of 400kVcm -l depending on the dopant

TABLE 1 concentration 1121. Prior to avalanching, the

Vbd as a Function of Voltage Dwell-Time (At) field across the MOS structure is divided

for Continuous Voltage Stress Conditions, between the Si0 2 and the Si depletion layer.

for Unimplanted p-Si OS Capacitors After avalanche takes place, the whole field

3.5 0 5 "appears across the Si0 2 and will contribute to

V bd(Volts) -36.5 37.75 -38.0 -38,25 the breakdown process.
I . -

100 0 1 :: t: 24.2 Analysis of Experimental R~esults
t(s) 10 20 10 5 22

4.2.1 Positive Polarity Pulsed Voltages

4. DISCUSSION
Vbd for positive pulses is shown in Figure

4.1 Dielectric Breakdown in OS Capacitors 5, to be inversely proportional to the value

4.1.1 Negative Voltage Conditions of the discharge capacitance, CI . The pulsed

When a negative voltage is applied to the voltage breakdown threshold in the positive case
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is dependent on the avalanche breakdown field that the capacitor C is an unreplenishable

in the p-Si. as discussed in Section 4.1. Figure reservoir of charge. Any charge transferred to

7 schematically depicts the p-Si NOS capacitor C2 will deplete this reservoir and hence reduce

under the influence of a large positive electric the voltage, V, across the system.

field. The relationship between V and the voltage

to which C1 is initially charged, Vo, neglect-

ing the voltage dropped across R2, is given

by:-

V = V o-(Q 2/C ) (4)

n +polysilicon + Thus V /(l+C 2 /C) (5)

gateNOWC = o oxA/dox (6a)

And C = £ £ A/W (6b)
V xox dep osi4 7eIf Where it is assumed that the area of the

V e e e e W capacitor is large enough that edge effects
__1 _G e..io__ 1_._ .- may be neglected.

oxo = 3.45xi0 - 1 3 
Fcm -1 is the permittivity

p-Si substrate of Siox
of o2* -12 -1
And C E = 1.04x10 Fcm is the permit-~o 5i

-tivity of Si.

Also using:-

Figure 7 p-Si MOS capacitor under the V = V +V (7)
influence of a large positive dep ox

voltage Where:-

Vx = Q2/C (8)ox 2 ox

We get:-

V° = Q2 (A/CI)+Q 2 (A/Co)+(qNAW2 /e ) (9)

The voltage across the MOS capacitor, V, is The depletion layer width, W, is given by

made up of 2 voltages V and Vdep, across theox the solution to Poisson's Equation in the

oxide and the depletion layer respectively. The silicon as:-
total charge in the capacitor C2 is given by:-

CVW = (osiFdepA/qN A  
(10)

Where Fdep is the field across the depletionWhere C2 is the total capacitance of Cde
2 ox region. Thus for an acceptor carrier density of

and rlep , given by:- 4 x 10 15cm- 3 and a breakdown field of 350kVcm "1

1/C2 = i/Cox+l/Cdep (2) W = 5.7 x 10-4 cm

Since the system is in deep depletion, Q2 And for C1 . 100pF
is given by:- Vo = 205V

-2 Which is of the order shown in Figure 5.
2 It is important to note that when V iso

3Where NA is the acceptor concentration per 205V, and with Fdep and W as given above,

cm in the p-Si and W is the depletion layer Vdep = 199.5V

width. Then using Eq (4) and (7)

It is important at this stage to point out V = 4V
ox
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Fox -I V cm' TABLE 2

Which is well below the oxide breakdown field The Effective Voltage across the NOS

strength. Hence, it is seen that only after

avalanche breakdown has occurred in the silicon, Capacitor V), the Charge on the NOS

cnteS breakdown be initiated. Capacitor (Q 2 ) as Functions of the Discharge
2 Capacitor (C ), and the Applied Voltage (Vo).

From Eq (9), the dominant term is

(qNAW2t F si), and this term determines the min-

imum V for breakdown for a given As C is CI(PF) 10 24 50 100 200 300 400
0 NA. 1 V (volts) -310 -200 -140 -95 -70 -60 -50

increased, V° approaches this minimum value Q(0 9C) 3.1 4.8 7.0 9.S 15.0 18.0 20.0
01

since the first term in the equation becomes V(Volts) -59.6 -72.7 -76.1 -66.9 -57.8 -52.6 -45.0
small. This is indicated at the upper end of Q2 xo O9C) 2.5 3.0 3.2 2.8 2.4 2.2 1.9

the curve in Figure 5. For small C1 , V begins Ebd (XlO"J) 1.5 2.2 2.4 1.9 1.4 1.2 1.0

to rise more rapidly as the term (Q2/C1 ) begins

to influence the total voltage.

W is a function of NA' and the larger the The capacitance C2 - 42pf, and Ebd = Q2V.
dopant concentration, the smaller W becomes for In Table 2 the values of Vbd are given after

a given F dep This, in turn, reduces V . Hence, adjusting for the charging of C2. These figures

the lower sensitivity of the preferentially- are then used to calculate Ebd. From Table 2:-

doped implanted MOS capacitors compared with Ebd = 1.5xl0- Joules

that of the unimplanted capacitors, as shown Hence, it is seen that a specific energy

in Figure 5. Ebd is required for breakdown to take place.

4.2.2 Negative Polarity Pulses This would be the minimum energy required by
the electrons current in the SiO 2 to cause

From Figure 6 it is seen that the breakdown 2

dissociation when energy losses due to
thresholds for negative polarity pulses decrease collisions end heat loss by homogeneous thermal
as the value of the discharge capacitor in- conduction have been considered (see Section
creases. The relationship is found to be given

by:- Comparing ClVbd2 for positive polarity pulses

bd = (/C) .K volts (11) (Section 4.2.1) with C1Vbd for negative

Where K is a constant. polarity pulses, the energy required for
K2 actully has the units of energy and positive Vbd is higher than for negative Vbd.

Kuractumllyhas the unitsivefpenergyyandse, bd
Figure 6 describes a constant energy contour. Furthermore, in the positive polarity case, the

The total energy dissipated in the MOS capacitor energy is not a constant. However, this is to

at breakdown is given by:- be expected when considering the conditions in
which breakdown takes place in the two cases.

E = QbdVbd Joules (12)
4.2.3 The Variation of Vbd with At for

and Continuous Voltage Stress Breakdown

bd 1I bd (13) Only injection from the gate electrode was

the total energy dissipated at breakdown used in this experiment to determine the

is given by:- relationship between At and Vbd. Larger A t

E C V 2 (14) indicates larger charge densities as given by:-

SC3bd
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-21JQ = At Ccm
2  

(15) For F - 9.5MV cm
-

, (i.e. V - 38.0v), and

-30
And from the energy relationship, where:- B - 3.15eV, and taking m* = m 0 0.9xl0O kg.

Ebd & QbdVbd Joules 
Jtun a 90 X 10

-3 A cm
-2

which should be a constant for a given MOS The associated charge for an area of 49 x
10-5 cm2 and At - 5msstructure. tn=3 ACcm

Qtun - J tun At C cm 
- 2

V = 1/At (16) Thus Qtun = 2 x 10- 7 C

and At is inversely proportional to Vbd as Qtun is greater than the charge of 210- 9

shown in Table 1. Since J is a time-independent Coulombs which brought about breakdown under

function of the applied field, Vbd is directly pulsed conditions (Section 4.2.2). Hence, the

related to the injected charge Qbd tunnelling current can provide sufficient car-

4.3 Charge Conduction Processes riers to initiate oxide breakdown.

The energy supplied by these charge carriers
Three types of charge conduction processes is:-

can be identified. They are; (i) tunnelling E = 8xl0-6 J

[13], (ii) Schottky Emission (13] (14], (iii) which is greater than the energy required

Poole-Frenkel Emission (15]. In addition, for SiO 2 breakdown.

injected charge in the presence of a high

electric field can cause avalanche multi- 4.4 Energy Dissipation for Dielectric Breakdown

plication of electrons as a result of collision Charge carriers moving under the influence

ionization in the SiO These added electrons of the applied electric field may gain

would then gain energy from the field, and sufficient energy to result in thermal breakdown

hence contribute to the breakdown process. by means of Joule heating in the material [21

However, SiO 2 is a wide bandgap insulator, (16) 117). It has also been suggested that

and the potential barrier (0 B) at the electrodes electrons, when leaving the Si02 conduction

is around 3.2eV. Calculations for the Schottky band,, either at the electrode or at a deep

current, the Poole-Frenkel current and the trap, will lose sufficient energy to the lattice

avalanche current, suggest that these con- to create defects and cause damage [18].

tributions to the overall current density in The calculated energies obtained in the work

the Si02 are negligible. Solutions for the presented in this paper are well within the

tunnelling current, Jtun' on the other hand, energies required to breakdown Si0 . However,

do show that currents of the order required to it has not been possible to calculate a thresh-

cause breakdown are possible for the fields old energy for breakdown, due to the unknown

concerned, factors involved in the calculations.

The tunnelling equation for an image-force When considering the time factors involved

lowered barrier potential is given by [161:- in breakdown, it is clear that the heat
stun " (q 3 /Bwh) 2 2 dissipated by homogeneous thermal conduction

tn(1/t (1) in the material must be considered. The heat
3'2 (17)

exp{(-4vr2_ /3hq)(03/2/F)v(y)} dissipated is given by:-

Where q is the electronic charge in Coulombs, EDIS - K(dT/dx) Jcm 2 s 1  (18)

h is Plank's constant, m* is the effective . D - K (dT/dx).At Jcm- 2  (19)

mass of electrons in SiO 2 , and y - A 0/0B D -1 -1 -

And AO - (q F/E0 C ox) is the image-force low- Where K - 15x10 Jcm-a-K is the thermal
ering of XB conductivity of the Sio2 dT/dx is the

v(y) and t(y) are tabulated functions of y. temperature gradient and At is the duration of
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the pulse. Therefore, it is seen that as At breadown will decrease proportionally.
decreases, D is reduced. As a result of ACKNOWLEDGEENTS
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In this paper the different technologies and devices used in Non-Volatile Electrically Erasable PROM
memories are reviewed, discussed and compared with emphasis on their operation mechanisms, their
advantages and limitations, the problems related to further scaling and the reliability issues.

1. INTRODUCTION 1985 has not been realized. New estimates made In 1986

The trend in Non-Volatile Memories toward higher bit however predict a definite break-through by 1990. The reasons

densities, smaller cell sizes (vertically as well as horizontally), why the EEPROM market has not grown as predicted have

faster access times, lower power consumption, 5 Volt only malnly to do with the high cost of the EEPROM's as compared to

operation and other user-friendly features is Imposed by the EPROM's of the same memory density and the lack of real large

requirements of microcomputer systems. Adding scale applications for EEPROM. The higher cost is greatly due

reprogrammabllty allows in-system pIogrammable memories and to the larger cell size of EEPROM's (typically a factor of 4). The

means increased system flexibility which opens a broad new traditional EEPROM cell needs at least 2 transistors, a floating

field of applications such as intelligent controllers, sell-adaptive, gate structure for programming and a select device. The result is

reconfiguring and remotely adjustable systems, that as far as density Is concerned conventional (full feature)

programmable/adaptable logic, artificial intelligence a.s.o. [1]. EEPROM's are at least one generation behind single transistor

Whereas 5 years ago at the time of the introduction of 16 EPROM's, as is shown In figure 2.

kbit Electrically Erasable PROM's (EEPROM) parts, many

analysts optimistically projected that by 1990 EEPROM's would 6411

have displaced UV-Erasable PROM's (EPROM) as the standard

program storage medium in microprocessor based systems, the . 4M EPROM

EEPROM market has not taken off as expected. Figure 1

compares projections made in 1984 and 1986 for the worldwide 256K -

1600

S1200- UV-EPROM/OTP 1970 1980 1990 2000
Zs

z W YEAR
000

,,ooM I 
,ooFigure 2. Present and expected level of Integration of EPROM

r 400 EEPROII and EEPROM parts
1964 E EP ROII

196
However, In their search for non-volatle devices that

1975 1980 1985 1990 1995 would still be electrically erasable but as cost-effective as

YEAR EPROM, manufacturers have come up recently with single

Figure 1. Comparison of estimates In 1984 and 1986 of the transistor EEPROM solutions which combine concepts of
global sales of EPROM and EEPROM EPROM and conventional EEPROM and are called

Flah-EEPROM [2,31 because all the memory contents of the

EEPROM and EPROM market. Whereas the UV-EPROM market device ar erased at the same time. Whereas the cl am Is now

had seen a steady growth, the predicted rise for EEPROM's in comparable to that of UV-EPROM, the device 0l retains a Iot of
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EEPROM features although enduranoe remains unproven and devices will be discussed separately with emphasis on their

is pro ylited to under 1000 cyes. The cot of Flash- operaon mechanisms, their advantags and limitatins and the
EEPROM will probably also b60060 comprable to that Of problems related to further scalng. A colon will be made

|.UV-EPROM because a plastic pacag can now be used between the different technoloie and approaches and new

instead of the expensive package with a window. The 1986 alternative cell concepts wil be presented. In section 3 the

prediction shown in figure 1 therefore seems more realistic reliability isues related to the different technologies and

considering that the Flash parts will probably make out the devices will be treated and finally some perspectives will be
majority of the EEPROM products. At the sae tine the memory given.
density for EPROM and FLASH*EEPROM wil probably become

equal. 2. EEPROM TECHNOLOGIES AND DEVICES

The ekctia5pipogrammabbe non-volatile memores can 2.1 The SNOS device
be divided as follows : MNOS memories were invented 20 years ago [5] and are in

(I) UV-erasable EPROM and the One Time Programmable fact the fIrst truly elecically alterable non-volatile semiconductor
(OTP) device, the latter being contained in a plastic package and (EAROM) devices. By 1975 p-channel MNOS EAROM with

therefore not reprogrammable. densities of up to 8 kblt were available which used a I transistor

(5) EEPROM parts which can be subdivided into three per bit configuration based on the so-called trigate transistor cell

classes, the all-feature EEPROM, the high speed EEPROM and concept [6. These memories suffered from low speed, limited

the Flash-EEPROM. The fully featured part offers al kinds of density, inherent read disturbance and the need for 2 or 3

user-friendly features [1] and is the most sophisticated from the voltage supplies. An important break-through was achieved for
point of view of circuit design. The high speed EEPROM's often MNOS in 1980 with the development of the n-channel SNOS

offer Ws features (also smaller densities) but try to compete process ifi which resulted in the first 16 kblt SNOS-EEPROM

with bipolar products In speed with access times in the range of [8]. The reliability of the SNOS technology was mainly based on

30-60 nsec but of course with lower power consumption, the use of Low Pressure CVD silicon nitride and a

(lii) Non-Voatile RAM (NOVRAM) which combines the pre-metallizaion high temperature hydrogen anneal 19-12).

non-volatility of the EEPROM with the ease of use and fast A cross section of the SNOS cell which is still used in

programming of static RAM. The content n the RAM section is todays 64 and 256 kbit SNOS EEPROM parts is shown in figure

transferred to the non-volatile EEPROM portion at power down 3. A two transistor per bit configuration is used where the MOS

or power failure. transistor acts as the select device whose implementation has

The state-of-the-art technologies for non-volatile allowed to completely eliminate the problem of read disturbance

semiconductor memories are the SNOS (silicon-nitride [8]. The SNOS transistor consists of a silicon nitride layer (20-40

oxide-slcon) and the floating gate type memories. In this paper nm) dn top of an ultra thin oxide (UTO, 2 nm) on silicon. Because

these two technologies and the different cell structures, cell the SNOS transistor is In fact a two polarity device, necessitating

concepts and operation mechanisms are reviewed and the application of memory bulk voltages, an isolation of the

conmpared. The emphasis in this paper is on the devie aspects memory bulk from the peripheral circuitry bulk is required. The

of non-volatile memories. Although as discussed before, most common approach is to use separate p-wells for the

EPROM remains the non-volatile memory market leader, its peripheral MO; circuits and the memory array. Providing

development has been rather straightforward up to the 1 Mbit separate wells within the memory array will then allow full byte

level in line with the applied scaing practices, with the most function.

advanced I Mbit EPROM today using 1-1.2 im CMOS The non-volatile function of the SNOS device is based on

technology [41. Therefore this paper will mainly treat the the charge storage in discrete traps in the nitride layer. Net

EEPROM technologies and devices which are the most positive or negative charge can be stored in almost equal

sophisticated in their physical principle of operation. For the amounts in LPCVD nitddes. The programming of the memory

EPROM devices only sme new approaches necessary for cell is as follows: during "the write operation a high voltage is

higher denslty purt will be daismsed. applied to the gate while the well Is grounded. Electrons will

Fkl in sectlon 2 the dlerent EEPROM tesflOAigs and tunnel from the silicon conduction band into the silicon nitride
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S1 Nreduced slightly. A 256 kb version with a 1.2 pm technology

PO1 .S has a 20 nm thick niride layer and a programming voltage of only
-'~~1 Vy i 2 b. Hole Injecton frmthe gate can however seriously Emt

the memory window [13,16-18, a problem which becomes

more severe for thinner nitride layers. An efficient way of

blocking this Injection Is to provide a thin oxide (2-3 nm) on top
of the nitride yleldlng the so-called SONOS device [19] (figure

p l 2nm) 4b vs 4a). This oxide can be formed by steam oxidation of the

nitride at the expense of the nitride thickness, or by deposition.

Figure 3. Cross section of SNOS col used In 64 kblt EEPROM The blocking efficiency of this top layer has been proven for

both types of oxide [13,19,20. However, when thinning the

conduction band by modified Fowler-Nordhelm tunneling and

will be trapped in the nitride traps -resulting in a positive

threshold voltage shift. Erasing is achieved by grounding the :IOY. Pol:P lv 1il

gate and applying a high voltage to the we,. This will induce.. ................. . . .

direct tunneling of holes from the silicon valence band into the -Si 3 N 4

nitride traps [13-141 resulting in a negative threshold voltage. SiO Sp Si
During the off-state, the gate is grounded and the select p Si p Si p Si

transistor is required for proper operation within the array.

Reading of the cell is done by addressing the cell through the SNOS SONOS I SONOS2
select transistor and by sensing the state of the SNOS a b C

transistor. Although the gate is grounded, the charge content

within the nitride will be modified In time due to charge leak Figure 4. Scaling concepts for SONOS devices

through the UTO oxide (see section 3).

it was shown by Hagiwara et al [14] that the integrity of
nitride layers can be guaranteed to thicknesses below 20 nm. nitride below 20 nm another problem arises. It is well known that

Sthe trapping length in nitrides is larger for holes than forScaling of SNOS devices which must be crried out in prallel to

the scaling down of the peripheral MOS transistors is electrons, i.e. typically 15-20 nm for holes [21,221 and 5-10 nm

straightforward up to memory densities of about 256 kbt. Table I for electrons [22.23]. When reducing the nitride thickness holes

shows the scaling scheme of Yatsuda [13-151 which is based will therefore be trapped close to the gate and will in fact be

mostly lost through the gate electrode, even in the presence of

TABLE I. Scaling scheme of SNOS the thin top oxide. This will result in a significant reduction of the

threshold voltage in the erased state.
Item 16 k 64 k 256 k SF Therefore further scaling of the SNOS device for higher

(k-I) (k-l .5) (k-2.5)
__k.1___k.1.5)__ (k.2.5)____ density memories and lower programming voltages wi require a

TECHNOLOGY ( rm) 3 2 1.2 k"1

CELL AREA (n 2 ) 400 180 60 k-2  new device concept. This has been proposed by Suzuki et al
MOS : tox (nm) 75 50 30 k 1  [241 and is now in development [25,26]. The new SONOS
SNOB tn (nm) 50 32 20 k01 .1  concept Is shown In figure 4c and consists of a UTO of the same

t:x (nnr 2.1 2.0 1.9 k-0 .1  thickness as before, a thin nitride layer(< 10 nm) and a thicker
Program.Voltage (V) 25 16 10 k l 1
Program.__Voltage __(V)_2___is __0_0__1_ top oxide (> 3 nm). The aim of the latter is not only to Inhibit gate

Injection but also to block the charges Injected from the silicon at

the top oxide-ntrde Interface resulting in a higher trapping

on a reduction of the dimensions almost in proportion to the efficiency and thus reducing the problem related to nitride layer

program voltage except for the UTO. In order to conserve a reduction. In this way the total thickness of the insulator

constant programming time the UTO thickness has to be structure can be reduced and consequently also the
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programming voltage. The new device shows additional 2.2 Floating gate memory devices.

advantages : larger oxygen related eletrn trp densities at the The first floating gate memory was proposed in 1967 [34].

nitrlde4op oxide Inteface due to the oxidation of the nitride [271 The first working devices were developed In 1971 [351 ; the

and which wil result in a larger memory window in spite of the programming was based on the Injection of high energetic

decreased nitride thickness. For a constant top oxide layer electrons from an avalanche plasma n the drain region. However

thiciness this will eventually make the threshold of the written this programming process is Inefficient and erasure was only

state independent of the nitrde thickness (26. Next if pinholes possible by UV or X-ray Irradiation. These first memory devices

would be present in the thinne nitride layer, they would be filled were all p-channel devices ; in n-channel devices, avalanching

with oxide afterwards during the oxidation of the nitride. Finally the drain only yields hole Injection, which Is even far less

the retention and degradation behaviour are improved as will be efficient. This has found application [361, but this approach has

discussed in section 3. Low voltage operation down to 5 V has been abandoned soon in favour of other, less power

already been demonstrated [281 for a nitride of 3 nm and a consuming pmgramming mechanisms.

blocking oxide of 5.5 nm. it seems that although optimization of Nowadays, three different mechanisms are used to

the process and structure is still required, the application of this change the amount of charge on the floating gate :

SONOS cell concept will allow the realization of memories with Fowler-Nordhelm tunneling (FN) through thin oxides (<12 nm)

densities in the Mt range. [371, enhanced Fowler-Nordheim tunneling through polyoxides

Filly SNOS memories have two features which are worth [38,39] and channel hot electrons (CHE) [40,411.

mentioning since they have made this technology the first Fowler-Nordheim tunneling requires injection fields of the order

choice In military and space applications requiring non-volatility, of 10 MV/cm to narrow the Si-SiO2 barrier so that electrons can

The first one Is their inherent radiation hardness and the second tunnel from the Si conductin band into the Si 2 . In thin oxides

the adjustable nature of their memory properties. SNOS devices the injection field is equal to the average field in the SiO2

are Inhmntly hard essentily because unlice silicon dioxide, whereas In polyoxides the field at the injecting interface is much
the mobilities of electrons and holes are not much different Innitrdesso tat henexpoed o ioizig rdiaton oth larger than the average oxide field due to field enhancement at
nitrides , so that when exposed to ionizing radiation both

asperities on the polysilicon surface. Average oxide fields of the
generated carriers can be swept rapidly out of the insulator order of 2 MV/cm are sufficient to yield injection fields of the

resulting In a negligible amount of trapped charge [29 order of 10 MV/cm. However, the injection will be enhanced

Acceptable shifts for total radiation dose up to Megarad (Si) at 77 only for one tunnel direction. Channel hot electrons are created
K have been obtained for SNOS structures [301. Reduction of in the high electric field near the drain junction. If the oxide field

the programming voitages and the abecence of thick oxide parts favours injection, electrons can be transported from the

In the newer SNOS devicas has Improved their radiation substrate to the floating gate. CHE Injection can only bring

hanes. Anyhow. spiAl techniques are required and have electrons onto the floating gate ; by tunneling, electrons can

been developed to harden the SNOS/MOS or SNOS/CMOS also be removed from the floating gate. Figure 5 shows the six
;combination (31,32]. For the new scaled down SONGS devices

cpossible combinations that could be devised to obtain
* discussed above, the Inherent radiation hardness Is however a( non-volatile floating gate memories arid Indinates how these

matter of concern In view of the Increasing dominance of the devices are programmed. Table II summarizes al their features.
, Si0 2 parns in thi device . For the first gnratin SONGS Thin tunnel oxides are difficult to achieve without defects.

devices (f 4b) however raiation hardness estill preserve The growth of textured polyoxldes has to be carefully controlled

(33]. in order to obtain the desired Interface features (shape, size of
The second feature Is that SNOS devices can be adjusted the asperiies) which determine the Injection current

to the envisaged application : very slow programming (1-100 characteristics. Wearout features are much dependent on the

meec) for long non-volatie retention (years, EEPROM function) achieved polyscon-SiO2 Interface. CHE Injection finally can be

or fast progranmlng (1-10 psec) for limited non-volatile retention optimized by adjusting the substrate doping. However,

(hour , NVRAM function) PM. degradation of the transistor characteristics Is unavoidable with

this programming mechanism 1421. Memory cells that use a
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Figure 5. The six possible non-volatile floating gate memory structures and the way they are being
progrmmd.

Table I1 Feature of the six memory cells of figure 5.

a RO=CL Tex-Thinox a CHE-ThInox
EEPROMIASICiAogic EEPRONJF-EEPRO&A EEPROLMIF-EEPROMJVASIC
+ 

+ 
~-4

compazablity * large CeON * small Cell - complex cell *small cell .high progr. power
low development * difficult scaling . easly scalable * 2 progr. mechanisms relatlviy simple -2 progr. mechanisms

entry cost - thinox doeec density * low progr. power -thinox (dOfects) cell -thinox (defects)
*possible with I -polyoxide (wearout) *easily scalable -CHE (degradation)

poly layer -?? endurance ??

d Thinox-Tex: a TPFa CHE-Tex

different mechanism for erasing and for writing of the Cell, are Polyoxides are much thicker and conduct currents at lower
technologically more difficult to optimize, average oxide fields, so that no large coupling capacitance areas

Because for memory cells that use thin oxides, the are needed [46!.

Infectin field eo~als the average oxide field, these cells need a Scaling Is often difficult because of the complex celllarge coupling between the floating gate and externally layouts used. To allow the programming voltages to decrease,
controlled terminals of the device. The high gate capacitance of thin tunnel oxides should become even thinner. Thick~nesses of
the sense transistor can be used for this purpose during the 6 nmn however are the limit for good retention behaviour. But
piogrammring operation that lowers the threshold voltage. if only these oxides are hard to grow with low defect densities. Yieldd
this operation uses thin oxide FN tunneing, a small cell size can considerations now limit the used oxides at 8 to 10 nm [471.
be achieved [43,44). But IN both programming operations use Thinner tunnel oxides imoply higher capacitances and thus larger

FN tunnelg, lag couling capacitance areas are neededi (451. coupling areas. Real small floating gate tunnel oxide (FLOTOX)
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cells are theoro hard to achieve. The ned for thin polyoxides so Important for these applications. For large memories

is not ta slngert : the Injection curret through these oxides however, further scaling and the use of thin oxides become

Is determined primarly by the shape and size of the asperities mdatory If memory density exceeds the 16K level [47,53]. The

and not by the oxide tklcnses (48,49]. The smaller numoer of uso Of now tunnel materials can obviate some problems:

Injection points of a scaled textured poly floating gate memory oxinitrides or ntrided oxides offer better endurance f54.551;

cel can however aggravate the Intrinsic wearout due to trap-up. oxides grown on highly doped Injection regions show higher

Scaling structures using CHE can give now opportunlles to this tunnel current conductance (see section 2.3.).

kind of memories. At small channel lengths, a drain voltage of 5 Texturd Poy Floating ate (TPFG)devices are used in

V can be sufficient to generate hot electrons (441. Only the gate large density memory circuits. The main difficulty In this

will then need a higher voltage for programming. Because no approach, is the growth of the polyoxides with the desired

large currents have to be supplied at this voltage, the circuit features. The used structure is rather complex : three polyslicon

could be externally 5 V-only. In the latter , the high program- layers or two layers and an additional bunted contact [56, are

ming voltage is generated on chip, by a capacitive voltage needed. The accurate alignment of these layers requires

multiplier 150. This charge-pump can generate high voltages precise lithography" This has held back the use of this cell in

but because of its very large output resistance, no current at ASIC or logic applications. The small cal size and the ease of

high voltage can be allowed. Non-volatile memories with CHE further scaling make this structure however the best choice

programming could thus operate from a 5 V supply voltage. But among the floating gate devices for large density memory

the high programming current remains and therefore It is not applications.

likely that conventional EEPROMs (which are reprogrammed A recently introduced approach, is the CHE-Thinox cell

frequently) will be constructed in this technology. (used for flash EEPROM). As this cell relies on thin oxide

Of these six possible floating gate memory cas, two have Fowler-Nordhelm tunneling only for lowering the threshold

never been used in commercial products. The Thinox-Tex voltage, no large coupling areas are needed. Through scaling

approach seems to have only drawbacks (dr. Table II) : large coo one can obtain a 5 V-only product [43,441. However, the high

areas are needed due to the thin oxide Fowler-Nordheim programming power still remains a drawback. The two different

tunneling, used for erasing the cell. This also makes the cell programming mechanisms can introduce technological

difficult to scale. The two different programming mechanisms problems. Endurance could be poor because of the CHE

enhance the technological problems. The Tex-Thinox cell has a degradation effects ; endurance for the commercial products still

rather complex structure : three polysilcon layers are needed, remains unproven.

and the two different programming mechanisms have to be

optimized separately. This cell has not been used in com- 2.3 Variations and possible Improvements

mercial products either. The CHE-Tex device has been used in As discussed In previous sections, the three basic

the past [40,411. However, the high programming power was Injection mechanisms for the programming of floating gate

Incompatible with extrnally 5 V-only operation. This drawback EEPROM devices can be and have been applied In various

could d ,sappear, If sufficient scaling is possible : at very short combinations and memory configurations. However, besides

channel longths (<lm), a drain voltage of 5 V is sufficient to these combinations, several vadatioa, to the mechanism

generate hot electrons for programming [44- The two different themselves or to the cell design have been proposed in order to

programming mechanisms however cause the used tech- yild alterative memory cis with an improved peformance.

nology to be omplex. These variations generally have one common purpose,

The FLOTOX col is used In many commercial products. namely to increase the injection currents without Increasing the

One of the main reason for this, is the low development enty programming voltages. In this section these approaches are

cost : the only additional process step In standard double poly reviewed. Whereas some of them are merely new ideas with a

processes, Is the growth of the thin oxide. it is even possible to possible chance for future application, others have already boen

realize this type of non-volatle memory in single poly processes. Implemented In real memory circuits.

This makes this cell highly suitable for ASIC and logic The Injection of hot electrons Is a very inefficient process,

applications 151,521 : the drawback of the larger col area is not due to the fact that a proper biasing condition for hot electron
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Figure 6. Three alternatives to Increase the hot electron Injection efficiency, a) PACMOS-ceI; b) side-wall
floating gate cd; c) source sid Injection cell.

.eneration does not go together with a favourable condition for the source-side injection, shown on fig. 6.c [59]. It uses a

oxide Injcxion. In practice, very high drain and gate voltages are side-wall gate and a conventional stacked gate structure. Under

needed, and the injection efficiency Is very low. Alternatives the spacer oxide between the side-wall gate and the stacked

should be based on creating a high hot electron generating gates, a weak gate control region is formed. This creates a high

electric field in the channel and simultaneously a favourable channel field, located near the source, where the oxide field is

oxide injection field at the site of the hot electron generation. highly favorable for Injection. The injection efficiency of this cell

Several solutions that meet these requirements have Bben is In the order of1O5 to 10.

proposed. For the tunneling mechanism, several possibilities can be

In one approach this has been achieved by using a dual considered to increase the injection efficiency without changing

gate structure, as shown on fig. 6.a [571. By keeping the first the programming voltage: reducing the oxide thickness,

gate, which acts as a select gate, at a voltage close to the reducing the oxide injection barrier or increasing the coupling

threshold voltage, while biasing the second (floating) gate to a factor between control and floating gate without needing too

high voltage (via capacitive coupling from the drain), a strong large del areas.

potential drop is caused in the center of the channel where Reducing the tunnel oxide thickness however puts severe

neither of both gates are controlling the channel potential. The constraints on the device reliability due to direct tunneling

injection occurs at this site, and simulations have demonstrated leakage problems and the enhanced problem of layer integrity.

that the maximum current path is directed perpendicular to the Reducing the tunnel oxide barrier has been obtained e.g by
interface. The injection efficiency could be increased from 10-7  using Si-rich S102 [601 or nitrides [611. In fact, also the use of

for the conventional hot electron injection to 10-3 for the textured poly-oxide, that was already discussed, is one of the
PACMOS cell (perpendicularly accelerating channel injection possible solutions that has become successful. Another

MOS). possibility is to grow the thin tunnel oxide on a highly doped

Another approach uses a side-wall floating gate structure, n-type SI substrate. In this way, the energy barrier can be

as illustrated on fig. 6.b [568). Instead of controlling the whole reduced from about 3.1 eV down to 1.8 eV, allowing

channel region, the side-wall floating gate Is only controlling a programming voltages of only 12V with tunnel oxides of 14nm

small part of the channel. During programming, the junction at [62,631.

the side-wal floating gate is used as the drain, in order to Inject Increasing the coupling factor can also be obtained In

electrons on the floating gate. During reading, the same several ways. One of the possibilities is Illustrated on fig. 7

junction is used as source, and the floating gate is now (Shielded substrate injection MOS). The floating gate is

controlling the flow of carers from this junction Into the shielded from the substrate by the control gate [64]. In this way,

channel. This has the additional advantage that the cell has a the coupling factor from control to floating gate can be increased
very good tolerance to unexpected programming during without needing a large control to floating gate overlap area. At
reading, because the hot electrons In that case are generated at the same time, the control gate between the floating gate and

the side of the channel opposite to where the floating gate is the substrate acts as the serial read transistor, which reduces

situated, the cel area even more. In this way, an Inproved coupling factor
A third approach that was proposed to increase the and a reduced cell area are combined. This type of cell takes

Injection efficiency of the hot electron Injection mechanism is only about a quarter of the area of the larger calls (FLOTOX).
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Figure 7. Shielded substrate Injection memory cell. The Figure 9. SONOS EEPROM cell. Writing occurs through hotfloating gate is shielded from the substrate by the shielding electron Injection, erasing by hot hole Injection. The need of

gate, which acts at the same time as control gate. a selection transistor is avoided.

Another approach to Increase the coupling factor is to replace The threshold voltage of the programmed SNOS device

the couple capacitor of the conventional stacked gate structure decreases in time, which can be ascried to loss of net charge in

by one that Is formed by a tunnel-oxide MOS capacitor (fig. 8) the nitride layer either by backtunneling to the silicon bands

[51. [66,671 or by Injection from the silicon into the nitride of carriers
l Finaly. we mention the idea of a single transistor SONOS of the opposite type [681 andor by redistribution of the charge

EEPROM cell, as Illstrated on fig. 9 [651. This is a conventional in the nitride layer [691.

SONOS cell, but it uses the programming mechanisms of a The loss by backtunneling can be reduced by an

floating gate cel (hot electrons and hot holes). This leads to

I- several attractive features: injected electrons or holes are ornlgy i ate d ensity eis stongly ,dcreased h70]. tFo
interface state density is strongly decreased 1701. For

stored In the nitride at the dralnalde, and consequently no conventional SNOS and SONOS devices the threshold voltage

selection transitor is needed. The cell area can be miiml, decay Is logarithmic in time and from extrapolation of the data
while the cil has much better retention characteristics than taken over several decades of time, retention times of well over
Conventional SNOS memory cells, due to the use of a thicker 10 years can be expected, even at elevated temperatures.

oxide layer.
Furthermore a slow down of the decay rate is observed for

longer times [26,68]. For the scaled down SONOS device it is
injector floating gate not clear at present whether the further scaling will really improve

the retention behaviour as has been predicted [26]. If in this

scaled down SONOS device the major contribution to the
threshold voltage shift Is made up by the charge stored at the

control gate top oxlde-nitride interface, backtunneling can indeed be

expected to strongly decrease. However In this case injection

from the silicon and compensation of the stored charge could

become a major Issue of concern [68 In view of the high (>
Figure 8. Sinle poly memory cell. The voltages are coupled 2MV/cm) fields that will be reached in the tunneling oxide for
to the floating gate via the n+-dlfuion, which acts as control
gate. stored charges In the order of 1012-1013 cm-2.

Endurance is defined as the ability of the device to perform

as specified without degradation when subjected to repeated

3. RELIABILITY ASPECTS Write/Erase cycling. In conventional SNOS devices it has been

3.1. SNOB devices shown that the degradation is primarily caused by hole transport

The two Important reliability Issues for the SNOS through the tunneling oxide [71,72] by which hole traps are

tech ogy are the information retention and the Write/Erase created In the oxide and Interace states are generated 170,731,

endurance. resulting In shifts of the threshold voltage and reduced
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retention. it was shown recently that the hole transport towards show a broad random-bi failure rate distribution with an aimost

the silicon is the most damaging [721. This explains why flat failure rate [47; textured poly floating gals devices (TPFG)
reduction of hole injection from the gate in SONOS devices has have fewer random-life failures but a sharper weamut beyond a
given rise to improved endurance [131. For the scaled down number of cycles (see figure 10, [471). The failure rate due to
SONOS structure, hole Injection Is almost eliminated and tunnel oxide breakdown is determined by defects In the oxide.
consequently even better endurance can be expected. This A low percentage of the memory cells contain detective tunnel
has been confirmed recently on ultrathin SONOS structures (2 oxides which become increasingly leaky (the cell falls to retain
nm S102, 8.5 nm S13 N4 , 5 nm S102) which showed no data) with cycling, until breakdown occurs. This phenomenon is

noticeable degradation after 107 10 V (EJW) pulse cycles [74]. responsible for almost all FLOTOX endurance failures 147,531.

The thicker tunnel oxide of the TPFG devices contains less

3.2. Floating gate devices, detects ; half of the pre-wearout failures Is caused by the oxide

Under 5 V operation non-volatile memories show a failure breakdown, but the failure rate is far less than for the FLOTOX

rate below other semiconductor memories [471 : non-volatile type devices [47,531.

technologies are designed to handle high voltages. High

voltage screening (simply cycling the devices a few times) is 40

sufficient to detect defect gate oxides. Floating gate memories

suffer from a lower failure rate due to oa-particles than volatile FLOTOX TPFG
memories, since the charge is stored on a floating gate which is f
less susceptible to ¢(-paticle induced eectron-hole pairs [5]. . 2-

Reliability of non-volatile memories is thus toremostly

determined by the non-volatile programming operations. 10-

For floating gate devices there is no intrinsic retention

problem (47) : retention is only limited by defect densities. 0

Defects can be activated by the stress the oxide layer under- 0 100 200 300

goes in a high temperature bake or from a large number of Cycles (thousands)

programming cycles [76. A lot of endurance failures are thus
retention failures. Figure 10. Endurance comparison of FLOTOX and TPFG 16 kBit

memories (ref. 47).
Prograrnverase endurance of floating gate devices is

determined by 4 phenomena: tunnel oxide breakdown, gate Programming puts high voltage stress on both the cell and
oxide breakdown, trap-up and degradation of the sense the logc circuitry, causing detective gate oxides to break down.
transistor characteristics. Whereas the first two are self This accounts for half of the failures before the onset of wearout
explaining, trap-up is defined as the trapping of electrons in the of TPFG device and some of the early life failures in FLOTOX

oxide during programming operations. This causes the injection devices (47,531.
currents to decrease. Degradation of the transistor Trap-up is seen to be the dominant endurance limitation in
characteristics occurs when CHE injection is used for TPFG memories : the thick tunnel oxide combined with the local
programming [42. CHE Injection is mostly used in EPROM high tunnel injection current densities and the low average field
where endurance is restricted to a low number of cycles. For the in the tunnel oxide, are causing a local high trapping rate [48].
recently introduced EEPROM devices using CHE Injection Variation In the programming characteristics, even between
(43,44, no endurance characteristics are yet available. Fowler- adjacent bits, must be compensated by a higher programming

Nordhem injection also causes degradation of the transistor voltage, causing even more trap-up. This explains the high
characteristics, but most of the devices make use of a separate failure rate after some number of programming cycles. The
tunnel area, leaving the sense transistor unaffected by the trap-up reduces however the chance for oxide breakdown, by
programming operations. screening the spots with high conductivity. FLOTOX devices

The reliability problem are now discussed for the two (thin tunnel oxide, high field, uniform injection) suffer less from

premnly used EEPROM approaches. FLOTOX memories trap-up.
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In scaling FLOTOX devices, the thin tunnel oxide area 1s Table Ill: Comparison of NV-approaches

reduced, aNd so are the defect related endurance P0l0erms ; on Crtte"l SMOG TP FLOTOX Flesh

the other hand. thinning the tunnel oxide will again enlarge the

problems (47,531. New materials Ike oxinitrde or nitrided oxides • Scaled call size + + - -
- Voltage scaling ++ + +

can offer improved integrity of thin tunnel films 154,55]. Scaled * Complex.ol technology H H L L

TPFG devices will show a larger variation of program/erase • Compatb. with stand. T. o + 44 ++
SComplexity of cell L H M M

volages due to the smaller number of injecting points per cal. • Retention + ++ ++ +-

Therefore the programming voltage should be increased, Endurance + + + o
* Radiation hardness ++

aggravating trap-up problems. Thinning the oxides however will * Entry cost H H L L
lower the trpup rate [49]. ++:verygood; +:good; o:medkim; -poor

Due to the defect-related nature of the failures of FLOTOX H :high; M medium; L: low;

devices, they will be best suited for low-density applications

(small memories, ASIC) [771. TPFG devices suffer from an

intrinsic wearout failure mechanism that, once taken care of, has 5. PERSPECTIVES AND CONCLUSIONS

only a small dependence on memory size (due to the It can be stated that the non-volatile memory technology is

dependence of the worst bit window on the number of an ever evolving field with basically two types of products, the

bits/chip)[47. High density memories with the same reliability fairly mature EPROM parts and the EEPROM family which is

features can be made. Screening via prograr/erase cycling s about to reach a maturity level which undoubtedly will be at the

useful for reducing early life failures, but the fairly flat random-life basis of a range of new applications. The latter were already

failure rate of the FLOTOX devices prevents this screening from foreseen years ago but have not seen realization for different

being fully effective (471. reasons discussed in this paper. The EEPROM's will evolve in

two categories, the high density parts for application as data

4. COMPARISON OF THE EEPROM APPROACHES memory and low density (and probably also high speed) units for

AND TECHNOLOGIES application in Electrically reprogrammable logic devices (EPLD)

As has become clear from the previous sections, the and different forms of ASIC's. In the former the fully featured

different technologies and memory approaches have merits and devices can be distinguished from the Flash-EEPROM's which

drawbacks. The progress made in the physical understanding of should rather be viewed as flexible EPROM's. From the

the different programming mechanisms, the mastering of the discussion in this paper it is clear that for each category a best

technology and the capability of adapting the technology and technology or approach will emerge. High density parts, fully

the device to a specific application is such that any technology featured EEPROM's will most probably only be realizeable with

or approach could be used or engineered for almost any Textured Poly and the SNOS approaches. For both

applicatlpin, provided sufficient effort is put into the technologies 256 kbi parts are available or will be shortly, and

development. However other criteria such as the development reaching higher densities seems straightforward. SNOS parts

entry coat, being the amount of extra effort required to bring up will of course be mainly used in military and other applications

a new technology [771, compatibilty with standard technology, requiring high radiation tolerance. FLOTOX technology is

background in the technology, environmental requirements, favoured in low density parts for EPLD and ASIC in view of its

a.s.o. are factors that will greatly influence and determine the compatibility with the used technology. The latter argument and

selection of a particular technology or approach. also the higher cost of the textured polysilicon process will

In Table Ill 4 technologies or approaches (SNOS, Textured probably limit Its use in these applications. SNOS is being used

poly (TP), FLOTOX and Flash-EEPROM using CHE and In some of these applications [78] but its use will again remain

Fowler-Nordheirn tunneling) are compared against a number of limited. For Flash-EEPROM the different approaches still seem
crieria, to be applied and although the requirements for the thin

tunneling oxide used in the FLOTOX approach are maybe not

as stringent as for the fully featured memories, again this might

become the limitation for this technology In the long run. At
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CWUPRS OF 11.*5 pas 82ZCZND CAPATITC AND TRCH ChACIYCE CIW IN A

MIT TMS NIR

L.Risch, V.Sesse'smn and R.Tielert
siemens AG, Central Research and Development,ME23
Otto Bahn Ring 6, 8 Munich 63, IRM

A bit OR=N testcircuit with stacked capacitor or alternatively with
trench capacitor cells has been fabricated in 4Mbit design rules and tech-
nology. The smaller capacitances obtained by the stacked capacitor at same
cell sizes is compensated by reduced leakage currents and a-particlemas-
sitivity. Both cells need a cell voltage of SY for reliable operation.

1.T WmODUCYID A12 is used in the periphery and in

2he stacked capacitor cell (SIC) as several mory blocks for the reali.-

wll as trench capacitor cell are con- zation of a divided bitline architec-

oidered the most promising candidates ture * For the SYC cell a third level of

for the Uibit DRAM generation. Both poly-Si has been added. Layouts for

cells have specific advantages and di.- both cells are shown in Fig.2.

advantages. Yet, a comparison of those

cells in a geometry typical of a 4Ubit

MEAN has not been reported. For such

purpose we developed a complex test
memry with 2. 4ma x 2. 4jm wordline and
bitline pitch. Figures of mrit Sea----
oured on those cells will be rpre
in this paper.

2. BCEK)OGY
2he 19bit. DEA, displayed in Fig.1,

has been fabricated in a 1ps C306 n-KI
well process Using polycide for the
vordline (running vertically) and All

for the bitline (running horizontally).

Fig. 2 Layont of sYC-cell (top) and
trench cell (bottm)

3. 1 TRENCH CUL

Lg.l IJb-test circuit with external he depletion doped trench cell
timinghas bie described in /1/. Trench depth
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in 4.5 pm, the lateral size is O.9amz x clout cell capacitance. Leakage cur-
l. pm.A sal n-aye wih adopng rents through SOW3 layers (Em6 .5) with

1. Op. an hlow n-layer with at dopin a thicknuess of l~nm and 20nm show ohmic

sidewall. of the trench in. obtained by conduction at low and Freekel-Poole,

doping with As. 51.02 with a thickness conduction at high gate voltages, see

of l3nm is grown as dielectric. A p- IFig.4. Operating at 1sVcc cell plate

well with a doping concenatration of

1.510E16 ca-3 in used in order to

suppress punch through from trench to 10-6

trench at a spacing of 1. Bs~a. A/cm2 2 102

3.2 STACKED CAPACITOR CELL 1- 10-7. Q/IM 2
zA cross section of the 1l.5pm2

cell and the topology in the mory 101 10

array is shown in rig.3. Tbe planar 1C)9.
area of the bottom electrode and the

sidewalls contribute to the cell z100 0

capacitance. This increase of capa- W 1W-
citance of about 500 has been described -

in /2/. The vertical structure of the 10-1

STC cell is kept as planar as possible 10-0. . .
to avoid problem in lithography and2 4 6 8 jO
etching .Therefore the thickness of the 2 4 6 S I

bottom capacitor electi s. should be AEVLGE -

limited to loe than 0. 4pa. Fig.4 Tunnelling currents of 51.334

______________________________________________ 5na(l),20nm(2) and SiO2-trench l3m(3)

- voltage the injected charge in mainly

due to ohmic-currents and decreases

4. 8pa only linearly for thicker dielectrics.
Therefore l5nm of Si3N4 has been used.

From reliability masuremts the

___________________________maxmumallowed charge injected into

this dielectric has been estimated to

IQ/cm5 . This corresponds to a lifetime

of the capacitor of sore than 10 years.

The thermally grow 5102 dielec-

Fig. 3 Cross section of the MM01 trio with a thickness of 13tm used in
and topology of the cell-array the trench cell has orders of magnitude

lower leakage currvents. Lifetime of

4. E.PU~ITAL RESUTS the dielectric is in this case not pri-

4.1 Dielectric manily limited by the average injected

For a 49Kb OTC cell a high-E di- charge, but by weak spots and sharp
el.~ctric must be used to get suff 1- edges due to the trench geometry.
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I,

14.2 Cell capacitance
Cell capacitance as a function of 2

the gate voltage of the cell transistorat typical bias conditions in shown in so/

:ig.5. For both cell types approziL- o
0

mkately the sam threshold voltage and
body effect of t transistor is ob- 30

served. A boosted wordlne higher than U

7V must be used for write and read 20
cycles. The capacitance of the STC cell 10

depends less on cell plate voltage due

to the higher doping concentration of 2 3 pm 4

the poly-Si electrode compared to the
PITCH -n- layer. Fig.6 shows the measured mean FC

values of the cell capacitances an a Fig.6 Capacitances of STC-cell(1) and
trench cell(2) as function of word-and

function of wordline and bltlne pitch. bitline pitch
At a typical 4M pitch of 2.4 m the
trench cell yields higher capacitances shown in Fig.7. Junction breakdown to

of 10 to 20%. the 59cm substrate occurs at bitline

voltages exeeding 12V.

For trench cells the junctions are
400 very close and the area of the Junction

pF is increased by a factor of 20. Hence,
t 300 2 punch through has to be accounted for

-- 35 fF/CeII by adequate doping of the substrate.

Limits are given by avalanche or Zener
U 200 I breakdown of the n-layer and by the to-

I lerable body effect of the cell tran-

I ~100 sistor. These effects result in in-

I I creased generation currents at low

- ' "-' bitlLne voltages and decreased break-
0 1 2 V I down voltage of 9V , see Fig.7.

GATE VOLTAGE OF CELL TRANSISTOR 1e

Fig .5 Capacitances of 9k-cells 1 A
(stacked 1,trench 2) with typical 10 -
bias.Vbx--2.5,Vbl"SV (turn off),
Vbs--7.5V,Vbl-0.IV (write) z

10 J

4.3 Substrate leakage currents

Due to the wide separation of the 10 - 2 I I V I

Junctions in the ST'C cell there is no

need for a high doping of the substrate BITLINE VOLTAGE
or a p-well to suppress punch through. Fig.7 Leakage current of 8k-cells
Th. low leakage current of a 8k STC as a function of bitline voltage.
array with Junction areas below lum2 is (stacked l,trench 2),Vw1=7.5V,Vp-2.5V
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4 4 em.muttvitw minimum Mene signal of 30MV, midlevel
tolerance of 20MV, bLtlLne coupling of

The small r-partLcle seasitivity

of the SVC cell has beew onf Izmed. 15v, restore -1-,O0- of 20aV,10MV, Vt

Compared to the trench cl at a pitch sense amplifier of 30mV and leakage

of 2.41*3 the STC cell collects a u - currents of 20, l0mY (Fig.7), an a-

mm charge of 35fQ and the twench cell particle margin of 40 fQ for the STC

60fQ from-an aw-particle track which cell and 60f0 for the trench cell is

generates a total charge of 220fQ estimated for reliable operation.

(Ra226), see Fig.8. From these collec-

ted charges the soft error rate of the 5.OCLUSIO

DRAM can be predicted /3/ to be smaller Ojeration of the STC celi as well

than 500 FITS for the given cell capa- an of trench cells has been demon-

citances. strated in an experimental MRAM in

4ibit layout rules. Critical process

features for the STC cell are patter-

1ning of the bottom capacitor electrode

and the topology of the cell. Also the

long term reliability of the new Si3N4

W2 dielectric still has to be verified on
production level. The trench cell needs

0.1 a field isolation with minimum dimen-

sions and more complicated etching and

doping techniques.
0: Due to the smaller leakage currents,

smaller a-particle sensitivity and
0.01 smaller bitline capacitances a minimmS0 10 20 30 40 50 fe so

cell capacitance of 25 to 30fF is esti-

mated for the STC cell whereas the

trench cell requires a cell capacitance

Fig.8 Relative rate of collected of 30 to 35fF for save operation.
charge from an a-particle track. STC-
cell(l) ,trench cell(2) Acknowledgement

This report is based on a project
which has been supported by the

4.5 Signal to noise margin Minister of the FRG under the support-
In a IT-ell the signal being do- no MT 2696. For the contents the au-i athors are responsible alone.

tected by the sense amplifiers depends

on the ratio of cell to bitline capa- References

citance. With 128 cells per bitline a /1/ K.H.Ksters et al. ,A High Density4Mbit DRA Process Usng a Fully
bitline capacitance of 240fF has been lbtDAPrcsUinaFulOverlapping Bitline Contact (Fobic)
masured for the STC cell and 310fF for Trench Cell, 1987 Symposium On VLSI211NOOG, Karusaa, Japantentch cell. Assuming a tolerance ~ Wl KaisaJpnt/2/ K.Lau et al.,Stacked Capacitors for
of the cell capacitance of 201 and a Nb DRAM, BSSDZRC 86,pp.191-192

SV power supply this correpoeds to an /3/ W.Krautschneider et al.,Prediction
4. otof Soft-3rror Rate of 41-DRAM, this
ideal sens signal of 480MV and 470AL conference.
respectively. Taking into account a
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A3.1.2

Isolation - Related Leakage in a 4 Mb DRAM Cell

P. A. Murkin, H.- M. Muehlhoff, S. Roehl, W. Meyberg,
W. Mueller, W. Bergner and.R. Kircher

Corporate Research and Technology,
Technology Centre for Microelectronics,
Siemens AG,
Otto-Hahn-Ring 6, 8000 Munich 83, West Germany.

The isolation-related leakage occurring within a 4 Mb DRAM cell
containing a depletion-type trench capacitor is discussed. The
main isolation-dependent leakage paths discussed are trench-
trench punchthrough, inter-bit-line leakage via punchthrough or
parasitic transistor action under the word-line, and leakage
between the transfer gate and the trench capacitor. Measurements
of specific test structures and also of an 8K cell array
confirming good control of these leakage mechanisms are
presented.

1. INTRODUCTION

The achievement of low levels of the cell electrode, the second for the
parasitic leakage is increasingly word-line (shunted with metal to lower
important in Mb DRAMs, as critical the resistance) while the third layer
isolation widths are shrunk to sub- is a low resistivity polycide which is
micron dimensions. In this paper used for the bit-line. A self-aligned
measurements of isolation-related bit-line contact is used to achieve a
leakage currents within the cell area cell size of 2.3 x 4.6 = 10.6 sq.
of a 4 Mb DRAM are presented. The microns (1).
different parasitic leakage paths are
described and their relative importance 3. DESCRIPTION OF LEAKAGE PATHS
is shown using experimental results.
The total leakage current measured on A schematic layout of a portion of
an 8K cell array confirms satisfactory the cell area is shown in fig.l. The
control of these effects, labelled leakage paths between the

features are:
2. DESCRIPTION OF 4 MB DRAM (A) tranch-trench punchthrough; (B)

The submicron CMOS technology used inter-bit-line leakage under the word-
for the 4 Mb DRAM has 0.9 micron design line in the region of the self-aligned
rules and is configured with triple contact; (C) inter-bit-line leakage

under the word-line; (D) leakagelevel polysilicon and single level
between the transfer gate and the

metallisation. The cell capacitor is a
trench capacitor. Cross-sectionsdepletion-type trench capacitor with an
through these regions are also shown ineffective dielectric thickness of 13 nm

and a cell capacity of 40 fF. The the figure. The isolation is achieved~by using a modified local oxidation
*first layer of polysilicon is used as

process.
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Fig.l. Schematic layout of a portion of the cell area showing
isolation-related leakage paths and also cross-sections in theseregions.

4. RESULTS

4.1 Trench-trench leakage

The leakage between two adjacent

trench capacitors is controlled by the

use of a p well which is doped to at
least 1016 cm4 down to the bottom of Fig.2. Trench profiles obtained usingdifferent etch processes. (The nominal
the trenches: this doping criterion is spacing of the trenches is the same.)

derived from device simulations. To

ensure that no punchthrough occurs,
good control is required of factors Fig. 3 shows the results of trench-
which affect the trench-trench spacing, trench punchthrough measurements : for

e.g. the etched profile of the trenches the nominal separations shown, only

and the diffusion of the As-doped HiC those wafers with the larger decrease
varactor doping. "Fig. 2 shows trench in spacing show punchthrough. Results
profiles obtained using different etch from numerical simulations utilizing a

techniques i for the same nominal newly developed 3D device simulat6r (2)

spacing of 1.8 microns, the actual show that for actual trench spacings

minimum spacing is smaller by 0.7 and greater than one micron punchthrough is

0.25 microns respectively, not seen below 1OV, which is confirmed

by measurements.
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. . .. .ubstrate-bias satisfactory performance
4 "is obtained, even under the worst-caseVbs,= -2V 0 -2VVb 2operating condition of Vbs--lV, 90C.

dj q.S The formation of the self-aligned

* A ~ miii~ ~contact degrades the isolation between

. bit-lines. This is due to the field

oxide under the word-line being further

etched-back and also that another

0 Vd/V 15 parasitic field-plate is available.
Fig. 5 shows the punchthrough

Fig.3. Measurements of trench-trench performance between bit-lines both
punchtrough leakage for various trench within the vicinity of the self-aligned
separations. contact and outside of it. It is clear

4.2 Inter-bit-line leakage that degradation of the isolation
behaviour does occur, but that under

Leakage between the bit-lines occurs the operating conditions the use of

between the trench and the adjacent n+ substrate-bias prevents punchthrough.

regions via paths determined by the

word-line biases. There are two 1E-6' With S.CAontact
-- Vbs=OV

components of this leakage s simple Vbs-V ,

punchthrough and also a parasitic Normal FOX ,'

transistor lying under the polysilicon A -Vbs=OV

word-line. Direction (C) represents the -Vbs=-,25V

latter parasitic transistor whilst (B)

is a combination of both of these 1E-12
mechanisms.

Fig. 4 shows that the characteristic 0 6 12

of the parasitic transistor (C) is Fig.5. Comparison of punchthrough

strongly dependent upon the substrate- performance between the bit-lines both

bias applied. With the use of in the vicinity of the self-aligned
contact and outside of it.

1E6 4.3 Transfer-gate leakage

The subthreshold characteristics of
_O the transfer-gate transistor are shown

A in Fig. 6 for the worst-case operating

Vb 0V -.5V -1 condition of Vbs--1V and 90C. Results

from the 2D simulator GALENE (3) show

1E-12 that for trench to transfer-gate
0 5 10 15 spacings of smaller than 0.3 microns no

punchthrough leakage occurs because of

Fig.4. Measured characteristics of the high p well doping used to prevent
the parasitic transistor under the trench-trench punchthrough.
word-line (C).
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1E- 4 1E -0
Vds- 7V Vw1

3V s

A /gate' IQift 7
A IcetL

" VW1 10V

Vb.:-1V=1V

1E-16 .E -
0 VgV 2 1 0  Vbitt I V 10

Fig.6. Subthreshold characteristic of Fig.8. Cell array measurements with

the transfer-gate. inter-bit-line leakage.

4.4 BK Cell Array

Measurements on an 8K cell array at oxide transistor (C) turns on, but this

90C are shown in Figs. 7 and 8. In Fig. can be suppressed by -lV reverse bias.

7 both the bit-lines were swept From these measurements it is confirmed

together at the same potential, with that the total leakage is less than lpA

the two word-lines also tied to one per cell at 90C at a bit-line bias of

another and swept over the same 7.5V and word-line voltages of 1OV, for

potential range, thus enabling a operation with -2.5V substrate bias.

measurement of the substrate leakage.
5. CONCLUSIONS

1E-8 BL1=BL2 The leakage current paths related to
WLI:WL2 the device isolation in a 4 Mb DRAM

Vbs- cell have been described and

Ibti 90"C experimental results showing control of

A/celt the isolation characteristics

yV presented. Measurements of the leakage
Vi within an SK cell array are alsoLV reported and show inter-bit-line

1E-14 0  Vbit 10 leakage to be very low.

Fig.7. Cell array measurements with REFERENCES
the bit-lines tied together.

In Fig. 8 one bit-line was held low (1)Kuesters, K.- H. et al, Proc.
of VLSI Symposium 1987, pp.93,94.

and the other was ramped up, so that
inter-bit-line leakage was possible. (2)Bergner, W. and Kircher, R.,SITARs An efficient 3D device
one word-line was held at 2.5V while simulator for trench cells;

the voltage applied to the other was to be published
varied, thus enabling a separation of (3)Engl, W.L. and Meinershagen, B.,

the leakage paths (B) and (C). At zero Proc.IEEE, Vol.71(1983), p.10

substrate-bias the parasitic field
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A 18 m=2 cell for Megabit CMOS EPROM

* E. Camerlenghi, P. Caprara and G. Crisensa
SGS Microelettronica

via C.Olivetti 2
20041 Agrate Brianza (MI)-Italy

1. INTRODUCTION 2.1. Process architecture
Due to recent developments in computers, non Our EPROM memory cell is fully compatible with

volatile memories have been taking on a greater im- I pm n-well CMOS process technology using tantalum
portance in the semiconductor market, and conse- disilicide on the gates to lower their resistance and
quently higher density and higher performance mem- consequently the word line delay (Fig. 1).

ories are required. Regarding the EPROM (electri- LDD structure on n-channel transistors permits
cally programmable read only memories) area, three enhanced breakdown voltage and consequently inter-
qualities are required to define a good EPROM tech- nal high bias can be generated. This way, writing
nology [11 [2]: times per bit can be reduced.

Compactness, reflecting on the possibility of re- Shallow junctions are used to enhance architec-
ducing chip dimensions and costs; ture compactness and to improve the device speed

Speed, reflecting on better device performances, characteristics reducing source and drain parasitic ca-

reducing access, programming and testing times; pacitance. In addition, barrier metal that has been
Manufaeturability; with this expression we indi- introduced to contact shallow junctions, reduces con-

cate an overall valuation of the critical extent of the tact resistivity of the n-type contacts (representing, in

architecture, that is to say the sensitivity of that ar- an n-channel EPROM device, the prevailing contact
chitecture to variations in the process technology pa- type) and improves reliability characteristics.

rameters. In Tab 1 the main characteristics of this technol-
This aspects are underlined in this paper in which ogy are summarized.

we present the structure and the full electrical char-
acterization of the EPROM memory cell, extensively Minimum feature size 1Mrm
tested on a 64 Kbit device and currently used in our Technology Double poly, n-well, CMOS
line for a compact and fast 1 Mbit EPROM memory. n-ch.trariastor Iw 1.2pm

p-ch.tranaistor Lp., 1.etm
The cell area is 18Im 2, which represents one of the n-ca. threshold voltage 0.75 V
most compact EPROM technology for Mbit genera- p-ch. threshold voltage 0.95 Vn-cA. breakdown BVoss 17 Vtion devices [3] [4]. p-ca. breakdown BVosS 13 V

1 Mbit die siae 71 Kmi J2

2. PROCESS ARCHITECTURE AND CELL
STRUCTURE TABLE 1: Main parameters characterizing the pro-

Many factors contribute to obtaining a good cess technology

EPROM technology: some of them are strictly related
to the cell structure but others are related to the whole 2.2. Cell structure

process technology and to the particular device orga- In Fig. 2 and 3 the layout of the transistor memory
nization and design, and for this reason they can't be cell and a SEM picture of the actual processed cell
ignored and are here succinctly reported. inside the device matrix are reported.

765



As ij can be noted in Fig. 2, the memory cell SiO 2 (O.N.O.), whose equivalent oxide thickness is

architecture is a conventional one, characterized by a 30 urn. The cell effective length is 1 pm.

symmetrical layout. The particular kind of junctions oxidation allews

very low bending of the floating and control gates.
_ _ _ _This way coupling ratios are maintained as closely as

possible to the theoretical ones, consequently the cell
writing efficiency is maximized.

50 100 150

Time (nsec)

FIGURE 1: EBT data showing the signal propaga-

tion delay on a word line

FIGURE 4: SEM cross section of the memory cell

3. ELECTRICAL RESULTS

In this part we are going to analyze cell behav-

ior and its parasitic effects in relation to variations in
the main process parameters. In particular, the chan-

nel effective length (L.yf) and the drain voltage used

FIGURE 2: Cell layout to write the cell (Vd.) are the two quantities most
affecting cell characteristics, because of the exponen-
tial dependence of the gate and substrate currents on

these parameters [5] [6].
In Fig. 5 writing curves are shown for several

EPROM cells with different channel effective lengths,
in the range between 0.5 and1.5 pm. More than a

3 V threshold shift is performed in less than 100 psec

by most cells; only the longest of them, whose effective

length is 50 % bigger than the project one, requires

200 psec to perform a 2 V threshold shift.

In curve A of Fig. 6 is reported the locus of Lej/
FIGURE 3: SEM top view of the matrix of cells and Vd. which allow a 3 V threshold shift with a

writing time of 130 /sec and a gate applied voltage of

The memory cell is a self aligned stacked structure 12.5 V. Similar curves can obviously be obtained for
with poly-Si and polycide for the floating and control a different choice of parameters, but these values may
gates respectively as is shown in the cross section re- be considered a good limit for distinguishing between
ported in Fig. 4. First gate oxide is 28 nm. The adequate and bad writing cell performance, for 1Mbit

interpoly dielectric is a triple layer using SiO2 , Si;N 4, generation device.
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100t 100.,Leff-O.Sue

- Lf.I.S.. L.Vf lum.. Leff-1.25us

Leff-1.5um

I- V (00 2

T lime (isec) drain

FIGURE 5: Writing curves of different channel effec- FIGURE 7: Readind characteristics for different Leff

tive length memory cells cells; Vd=IV; Vg=4V

during the real device operation, caused by the drain

capacitive coupling, the cell floating gate voltage as-

sumes values higher than zero, even when the control

gate is grounded.
..10 . In this situation the so called drain turn-on effect

-j..may take place, in which leak-age of the unselected
me~nory cells connected to the selected bit line can

5 A cause a voltage drop of the bit line and consequent

degradation of the programming characteristics. In
D 1Mbit memory device these effects are avoided if less

- than 100 nAmp leakage per cell is assured, with the
.25 0.5 .75 1 1.25 1.5 Le(us) gate bias equal to the worst case for the logical zero

(that is assumed to be 0.3 V). In curve D of Fig. 6, the

locus of Leff and Vd satisfying this requirement is

FIGURE 6: Memory cell working area reported, again introducing a boundary between good

A : writing curve D: drain turn-on curve and bad cell performances.

B : reading curve E: snap-back curve The anap-back phenomenon must also be avoided

C : breakdown curve because the high substrate currents accompanying with
it may cause latch-up in CMOS devices, with the con-

Reading characteristics for different effective length sequent risk of device damage. In Fig. 8 Vg and Vd

virgin cells are reported in Fig. 7, in which the worst pairs causing snap-back onset are reported for differ-

case reading bias is considered. It can be noted that ent effective length equivalent transistors; for every

sufficient drain reading current is measured up to Leff value there exists a minimum drain voltage that

1.5 Pm effective channel length, therefore this value avoid snap-back, independently of the gate (or float-

becomes a maximum limit for Leff, causing curve B ing gate) bias. These points are reported in curve E

of Fig. 6. of Fig. 6.

Grounded gate breakdown voltage for different Leff Considering Fig. 6 as a whole, it can be noted

values has been measured on equivalent transistors that, in the Leff - Vd, plain, the five curves define

having the same device parameters as those of the a spatial region (dotted in figure) whose points cor-

memory transistor. Data are reported in curve C of respond to EPROM cells with a good overall perfor-

Fig. 6. Actually, the grounded gate breakdown isn't mance. Manufacturing necessities require that such

the limiting effect to the cell performance; in fact, good behaviour be guaranteed in spite of writing drain
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voltage and effective length dispersions. Due to these operation (soft-writing), have been investigated on

restrictions, the memory cell working area becomes the shortest cell, that is the most affected by these

a rectangle. One is shown in Fig. 6, representing an effects. Data are reported in Fig. 9 which shows

example of manufacturing suitability of the cell de- the time required to obtain a 200 mV threshold shift

sign: for a drain voltage of 6.5 V ± 300 mV the cell for different drain voltages, with the gate bias at the
performances are well above the acceptable limit over worst case (6 V) for the reading operation.

a wide range of cell transistor Leff centered around Extrapolated data show a safe reading operation

0.9 jm. for all practical drain bias.

onFinally, no charge retention problems have been

pointed out by voltage stress mea-itues; furthermore,

6 on 64 Kbit memory devices realized to qdalify this
technology, temperature tests h..,e been executed and

passed.
S4

4. SUMMARY

A process technology for realizing highly compact

Or EPROM devices has been described; in particular the

0 5 . . structure and the electrical characterization of a

V (V) 18 pm2 memory cell has been reported, pointing out
qate good speed performances together with good manu-

FIGURE 8: Snap-back onset curves for different L I! facturability qualities.

This technology has been verified using 64K mem-
ory, and at present it is utilized to manufacture a

is 10 years IMbit memory.

iS 
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A3.1.4

A high performance P-channel EPROM cell

D. Cantarelli, A. Maurelli and L. Baldi
SGS Microelettronica S.p.A.

via C.Olivetti 2 - 20041 Agrate Brianza (MI)-Italy

Recent results show higher gate current in P-channel devices than in N-
channel ones under the same bias conditions. By this reason, we produced a
P-channel EPROM cell, making use of a standard N-channel cell layout. ;ie
present a complete electrical characterization and point out sowe advantages
which make P-ch,'nnel EPROM cells very promising, especially for future
CMOS applications.

1 Introduction
floating and control gates and ONO as interpoly di-

Apart from the pioneering work of Frohman- electric. We used the standard N-channel cell layout

Bentchkovsky [1], all EPROM cells up to now have shown in Fig.1. The memory cell area is 36 um2 , while

been based on N-channel technology. The usual ex- the effective length of the transistor is 1 p m and its

planation given for this, is that EPROM cells are effective width is 1.4 pm.

written via hot electron injection, and hot electrons

are easier to generate in N-channel transistors, due to EPROM CELL

the higher mobility of electrons. A proof of this is

the much higher substrate current in N-channel de-

vices, when they are biased for maximum avalanche set. A-Ai

generation. It has however been recently pointed out L-
[2], [3] that maximum gate currents are much larger
in P-channel than in N-channel transistors, given the

proper bias conditions. There is therefore no reason

why a P-channel EPROM cell could not be produced, sect. B-BI

and indeed present some advantages over the tradi-

tional N-channel cell in terms of writing speed (be-

cause of the larger gate current), power consumption Figure 1: Layout and cross-sections of the EPROM cell

(since it is operated at lower gate voltage) and process

compatibility (because of the low substrate current).

To verify these points, P-channel EPROM cells have 3 Electrical results
been fabricated and the results of their evaluation are

presented in this work. Typical transfer characteristics of the P-channel cell

after a sequence of 100 pas writing pulses at VD=-12

V and VG=-6 V are shown in Fig.2. As it can be

2 Proces' architecture and cell seen, very high threshold shifts can be achieved after

structure a rather short writing time. In Fig.3 writing curves are
shown for different values of drain voltage and fixed

The process was a P-channel translation of the N- gate voltage. No saturation has been found even in-

channel process used for a 256Kbit EPROM, having creasing the duration of writing pulses up to 0.5 s. In

33 nm gate oxide, 0.4 pm junction depth, self-aligned Fig.4 similar curves are shown with gate voltage as
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u(A 4 _a=4V

-1.500 3 =-V

0
26V

.1500'/div.

0 s0 100 150 200
time pLs

Figure 4: Writing curves - Fixed drain bias (-12V), VG as

.0000 parameter
1.000 0 -4.000VS .5000/dilv C(V) N-channel EPROMs, the writing is negligible. It is ev-

Figure 2: Transfer characteristics of P-channel cell during ident from the above presented results that different
writing pulse sequence (VG=-6V, VD=-12, tpW..=100ps) writing mechanisms are active in N-channel and P-

channel EPROMs. While in the first ones the energy
. . .. . ... of the electrons is very important, since they have to

be injected against the electric field, in the second ones
4 VD=-12V it does not play any role since the field is always in

:r a V ._ _-oV~-
4-2 VO=-1V

0

0 50 100 15o 200 .4 0

tl.e P$ VD=-10V o
0

Figure 3: Writing curves - Fixed gate bias (-V), VD as o 13 0
parameter 0 o o

parameter and fixed drain voltage. The maximum of 0 4 6 8

gate current occurs at a gate voltage just above the

threshold [31, and therefore, as evident from Fig.4, the
lower the gate voltage (absolute value), the higher the Figure 5: Threshold shift vs gate voltage

threshold shift. This is shown even more clearly in
Fig.5 where the threshold shift after a 500 pAs writing favor. This hypothesis is confirmed by curves shown
pulse at VD=-10 V and VD=-11 V is give as a function in Fig.6, where the ratio between gate and drain cur-
of gate voltage. The peak of threshold shift occurs at rent IG/ID is plotted against the substrate current IB
Vo:-1.75 V, and corresponds to the maximum of gate for equivalent N-channel and P-channel transistors.
current, while at VG=VD, which is the best case for It is evident that while for N-channel cells, the effi-
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GRAPHICS PLOT process. Among the drawbacks, we should mention
I.

the lower gain of the P-channel transistor, which af-

fecta the reading speed, and the fact that the thresh-

IE-04 old of the written cell is shifted towards the depletion
region, making the cell decoding more complex. How-
ever, taking into account that the cell has not been

decade p-ch designed to take full advantage of the new technol-
/dlv ogy, it could be concluded that P-channel EPROMdecade 

cells appear to be promising for future high density

applications and well worth investigating.
n-ch
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ciency of gate current generation is very low, asking 1986, Abstract 86

for high drain and substrate currents, it is very high

for P-channel cells. Cancellation and retention perfor-

mances are comparable with those of N-channel cells

and will not be discussed in details. Soft writing, and

this is another advantage with respect to N-channel

cells, is not a problem at all, because typical reading

biases forbid electron injection [3].

4 Conclusions

The results of the preliminary evaluation of a P-channel

EPROM cell have shown the feasibility of this device.

Some writing characteristics appears to be superior

to those of N-channel cells: in particular, the low gate

writing voltage allows a reduction in the capacitive

coupling between floating and control gate, and there-

fore a reduction in cell area, while the low drain cur-
rent during the writing cycle could be compatible with

on-chip high voltage generators. Moreover, the very

low value of substrate current during writing prevents

the risk of latch-up triggering in CMOS devices and

makes this kind of cell compatible even with a N-well
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B3.1. 1

THE INFLUENCE OF LIFETIME ON THE LATERAL PARASITIC BIPOLAR TRANSISTORS IN CMOS.

L. Deferm, G. Romaen, C. Claeys and R. Mertens

I.M.B.C.
Kapeldreef, 75
B-3030 Leuven - Belgium

The electrical characteristics of lateral bipolar transistors are very
important in predicting latch-up. An increase of the current
amplification factor is noticed when the high current leve) injection
regime is reached, but this only for devices with a relative low base
carrier lifetime. For low minority carrier lifetimes in the base the
beta versus collector curve will show a bump.

1. INTRODUCTION 2. APPROXIMATE CALCULATIONS OF THE COLLECTOR

CURRENT, THE BASE RECOMBINATION CURRENT AND
Scaling down CHOS technology leads to a THE BASE INJECTION INTO THE EMITTER CURRENT

higher sensitivity for latch-up occurence. This

phenomenon is strongly related to the behaviour The calculation of the current densities are
of the parasitic bipolar devices. In a pvell performed for an uniform doped base, with a
process the vertical bipolar transistors are lateral width of Vbt a n-type base concen-
NPN and the lateral are PNP devices. The DC- tration equal to Nb and a p-type emitter
characteristics of the vertical transistors can concentration of Ne. The influence of the
be very well defined from their implantation surface recombination current can be neglected
profiles, unless the surface or space-charge due to an electrical field which is for the
recombination current is very high. On the minority carriers directed towards the bulk.
contrary, the electrical behaviour of the This field is the result of a field
lateral pnp , formed by a p+ diode as emitter, implantation at the surface of the base. In
the substrate as base and the pvell as order to calculate the different current
collector, is more difficult to predict densities it is necessary to solve the current
Due to a field implantation profile a vertical and continuity equations. The following one
field pushes the holes, which are injected in dimensional formulas are used:
the base, away from the surface, resulting in a Jp = - q Dp 3p(x)/x + q vp p(x) E(x)

nonuniform injection along the emitter edge and 3p /ax + q Op(x)/Dt + q r - 0
a lower current amplification factor. Also the Sp(x)/Bt - 0 in steady state regime
effective volume of the base, which influences

the beta of the bipolar transistor, is dopen- Dp and vp are respectively the diffusion
ding on the lateral and vertical dimensions, constant and the mobility for holes, p(x) is
the implantation profiles and the lifetime of the hole concentration distribution, Jp is the
the minority carriers. Especially the evalu- hole current density and E is the electrical
ation of the min,.ity carrier lifetime and the field in the base, caused by the distribution
way in which the current flows sake it diffi- of the majority carrier concentration, which
cult to predict the behaviour of a parasitic becomes important at high level injection. This
bipolar pnp in a non-epi substrate. electrical field is given by:
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B - -(k 0I q)*(ln())*S (x)Ih 10,.5 . -
101+04" .. 4..p"

14+03"/

In the case of neutrality n(x) can be replaced 1.0.

by (Mb + p'), where p' is the excess hole 1.01

concentration In the base. The hole current 1- I
16I-01

density can be expressed as follows: * is-02. s

l1e-O4, U iUU

10-0*
Jp - q D (Nb+Po+2 p')/(Nb+p') p' (x)/x
J p - -q D p C(x) p (x)/ ax I-os 9 1 - no field

ts-07, ... wi' £"- th field

Po is the hole concentration at the emitter 10-0 INi
0 1-09' .. 0

edge with a Vbe of 0 V. 16-1. rS, ; , 7 .. t-"": ' '. ,0ee 0.1 0. 2 0.3 0.4 0.5 0. 0.7 0.8 0.9 1.0

The effective hole diffusion constant is equal woe

to Dp*C(x) [1). This value is current and FIGURE 1: Collector current density vith and

position dependent. An approximation can be without the field and the ratio of both.

made in which p'(x) in C(x) Is replaced by p'

at the emitter edge as done by Chou [21. J rec. - q J p /C P p'(at emitter edge)

Solving the continuity equation results in the F1 - (cosh(V/(/C L p)) - 1) / P2

following formulas for the currant densities, P2 - Lp sinh(V/(/C L p))
which are valid In high and loy current

injection regime. For both large and small values of V, the base

recombination current density is depending on

Jc - q Dp /C p'(at emitter edge)l(L F) the lifetime increasing lifetime Is decreasing

F - sinh(Vb/(/C Lp)) current.

Lp . ((D x) hole diffuaion length The lifetime is assumed to be independent of
p p

S= minority carrier lifetime the current, but in reality it increases at

Jc Is the collector current density high current level injection [31. For small
values of the base width compared to the

Figure 1 shows the influence of C on the diffusion length the ratio between collector

collector current, where the curve with the and base recombination current is depending on

label 'no field' is the collector current lifetime and on the value of Vbe (figure 2).

density, where C is equal to 1 for the whole -"

Vbe range. Also the ratio between the two 10+04

curves Is shown, indicating no difference at • ' •

low level injection and a factor of two at high 10+03 - a- a-i- & a- -

level injection.

The base recombination current density is given 11.3 .0. - m anoD

by the next formula, where V Is either the . 2 .
-o Le- to

lateral base width Vb or the wafer thickness, 19+01 So .

if the bulk recombination current density is . .

desired. 16+00i . 0o6 07 0 0o
0.0 011 0.2 0.3 0.4 0 50.070a0

Vbe v)

FIGURE 2s The ratio of collector current and
base recombination current density for
different diffusion lengths (Vb= 2pm).
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An increase of this ratio at high level a 35

injection is noticed due to an increase in the

collector current density. The influence of 3.0

this ratio on the real current amplification 5

(beta) is depending on the value of the 2.

base-into-emitter injection current compared to

the value of the base recombination current. .o

Jemitter = q D n' /Ve
n (at emitter edge)

We is the width of the emitter 
2

It is assumed that the emitter current is not

at high level injection, due to the high 0,

concentration in the emitter. For the 0.45 0.50 0.55 00 0.65 0 70 075
Vbe ;V1

calculation bandgapnarroving effects describedby Slotboom and de Graaff 141 are included. If different lifetimes.

the base recombination current is dominant

compared to the base-into-emitter injection

current until very high level injection, a bump 3. EXPERIMENTAL DETERMINATION OF LIFETIME

in the beta curve is noticed (figure 3). IN THE BASE REGION OF PARASITIC PNP
10-o .o TRANSISTORS.

Recombination lifetime of the minority
s-o4 -. 5 carriers in the substrate is measured on

ie-o5 lateral bipolar transistors, which show a bump

le-05,in the beta curve, by using two different
-1.0 measurement methods. The first method makes use

of the basevidth modulation technique (5,61.

108o. lbroThe results are compared with lifetime values
O .----In .5 obtained from spectral response measurements.

--4- tbtot Both results are in close agreement.
04- beta

- -4 -. o 0 The basevidth modulation technique is used on a0.30 0.40 0.50 0.60 0.70 0.00 parasitic PNP, formed by a p+ junction as
FIGURE 3: Base current components and beta for emittor, the substrate as base region and the
a lateral pnp with -. 100 ns. Ibrec is the pvell as collector. To check the consistency of
baserecombination current, Ibscr is the
recombination in the space charge layer, Ibinj the method, measurements are repeated on
is the injection into the emitter and Ibtot is devices vith two different lateral basevidths,
the total base current.

resulting in a current gain of respectively

Also two dimensional simulations, using the unity and two. The method consists of
program PISCES, show a bump in the current superimposing an AC voltage on the base-

amplification curve for a minority carrier collector reverse voltage, producing a change
lifetime smaller than 5 psec. At higher values in the width of the quasi neutral base region.
of the lifetime this bump disappears. Only two An AC current can be measured in the collector
values for the lifetime are presented in figure due to a change of the slope of the minority
4. carrier distribution in the base. The basevidth
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modulation also gives a change in the Minority carrier lifetime can also be

substrate(-bae) recombination current. The calculated out of the diffusion length obtained

ratio of these AC currents, which is the ratio by spectral response measurements. For the long

of the output- and transconductance (Go, Gr), wavelength response of the photocurrent,

multiplied by the transittime (ib), gives the following approximated relation exists between

lifetime-. For an uniform doped base rb can be the diffusion length (L p), the optical

approximated by Ub /(2 Dp absorption coefficient () and the internal

quantum efficiency (0)

T - Tb Co / Cr

The method gives consistent values only if the 
1 1

measured Go and Gr are the result of the +

basevidening effect. To check this, Go and Gr Q Lp

are measured for different applied base emitter

voltages. According to theory both curves have 
Extrapollation from the measured 1/0 versus 

1/=

to be exponential with the Vbe. 
curve, gives an intercept on the 1/a axis,

Especially for Gr, the AC component of the base 
which is equal to 1/Lp. The extrapollated value

recombination current is rather small, while for Lp is about 5 um which corresponds with a

Vbe has to be kept constant during measurement, 
lifetime of 20 nsec.

so that a closed loop measurement configuration

was needed. The experimental results are given 
Both methods lead to similar values for the

in figure 5, which shows the base and collector 
lifetime in the base region if the parasitic
P1P. The recombination lifetime is lower than 5

current, the Go and 
Gr parameters for different

base emittor bias voltages and the ratio usec, which results in a bump in the beta 
curve

between Go and Gr. The Go/Cr ratio 
of 7 results as measured.

in a lifetime of about 15 nsec.
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B3.1.2

SHALLOW JUNCTION CONTACTS FOR LATCH UP RESISTANCE IN CMOS

F. Ruddell, E. Ling, B.M. Armstrong, B.S. Gamble and S.H. Raza

Department of Electrical and Electronic Engineering
The Queen's University of Belfast, Ashby Building
Belfast BT9 5A5. N. Ireland

An optimum TiSii thickness of 55nM has been established for contacting ll0nM P+
layers. The P layer sheet resistance is reduced to less than 3 ohms per
square without compromising the reverse leakage currents of the junctions. The
reduction in Gummel number for the P+ layer has reduced the emitter efficiency
of the junctions and yielded a factor of four increase in latch-up resistance.

1. INTRODUCTION P+and N+ layers forming the emitters of the

The scaling down of device dimensions for parasitic bipolar transistors by formation of

CMOS VLSI requires ultra shallow junctions silicide contacts. There is therefore a need

with low sheet resistance. Whilst this is to establish the optimum thickness of silicide

difficult to obtain, especially for the P contacts to ultra shallow junctions to achieve

junctions of the P-channel transistors, low sheet resistance and enhanced latch up

several novel techniques have been proposed resistance, together with minimization of

111[21. However the sheet resistance of P+ junction leakage, in order to take full

layers, approximatley 100nm in depth, is of advantage of a low power CMOS structure.

the order of 100-200 ohms per square. To In this paper, diode reverse leakage

reduce the sheet resistance it is common to currents and the minority carrier injection

form a self-aligned layer of titanium properties have been studied for ll0nM P+-N

disilicide above the P+ region, junctions with several titanium disilicide

During the formation of the titanium thicknesses. The ultra shallow junctions were

disilicide some of the boron doped silicon produced by rapid thermal diffusion from a

layer is consumed. There is therefore a limit spin-on diffusion source [3]. Two processes

to the maximum thickness that can be used. If have been designed. The first permits

the silicide layer is thick enough all of the manufacture of low leakage P+-N diodes for

P+ layer is consumed and a TiSi2-n-silicon standard current-voltage characterisation.

Schottky barrier is formed. This results in a The second permits the manufacture of P-N-P

marked increase in bot. forward and reverse bipolar transistors for emitter efficiency

current for the junction and a reduction in studies.

the minority carrier current injected into the

n-silicon substrate. 2. DIODE CHARACTERISTICS

An additional requirement for Bulk CMOS is P+-N diodes were produced with a range of

latch up resistance. Techniques for titanium disilicide thicknesses formed in the

increasing latch up resistance focus on boron diffusion. The main features of the

reducing the emitter-base shunting resistance process are outlined in Figure 1. Mask design

or on lowering the gain product of the ensured that the Aluminium over the contact

parasitic bipolar transistors. An alternative windows was smaller than the diffused area

approach to reduce emitter efficiency is to thus avoiding any field plate effects.

systematically reduce the Gummel number of the Typical values of reverse bias leakage
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vWAFIR u-nPE -1 tOl-ca< 00 Forward bias measurements revealed that these
BACK DAMAGE
ioSooC 90 ns MY OXIDEO/l junctions were now operating as Schottky

REVEBACKOXID barrier diodes with a barrier height toiOO0C is sins PHSHRU DIFFUSION

1O00C MET OXIDE (0.3 1 n-silicon of 0.9v and an n factor of 1.24.
NAS I - DIFFUSIO W This barrier height is considerably greater

OEMICA. OXIDE (3 uOld
EIULSITONE OFLIUM 100 SPIN44 OA than that reported for TiSi2-n-silicon and is
PGEDUE 35 00C to @ins
1On
0 C 3 sins N2 RAPID THIR& OIFFH due to the thin layer of boron remaining under

COE OXIDE [0.3ASS the silicide which acts to enhance the built

MAS 2 - CONTACT NINDS in potential barrier. The measured reverse

OF SPUTTER TITANIi (6-80 P&A-cm) leakage current is much higher than predicted
WC S secs iSi2 FOMATI N by ideal Schottky barrier theory and may be

SEL.ECTIVE Efbi
8500C sees AMA, attributed to localised roughness of the
500C to sins FORMINS-GAS ANNEAL
ALuMINIIJ EVAPATION silicide.

KAS 3 r PATTERI ALLMINIU
ALUMINISE BASC

Figure 1 3. MINORITY CARRIER INJECTION

The P+-N diode process flow Minority carrier injectior :atios were

measured using the P-N-P bipolar transistor

current density are shown in Figure 2 for structure shown in Figure 3. The n-base

silicide thickness ranging from zero to 6OnM.
Base Emitter Base

It can be seen that there is little dependance

of leakage current with silicide thickness for Al Al Al

values less than approximately 40nM. - ---

A large increase in leakage current was oX -X

observed for a silicide thickness of 60nM. TiSi2/n* TiSi/0

n

IE-5 A-.77E-4 c 2  
IGl

T-295 K P

cc, Bias--3 V
~Collector

p+k Diodes
X-PNPTransitor Figure 3

ase-Emitter Diodes
V,-7 P-N-P transistor structure.

~region was obtained by furnace diffusion from

I X I a spin-on phosphorus source. A reierence

standard transistor fabricated with a 0.6

micron thick emitter gave a transistor c-mmon

E- o ,-II-- emitter current gain of 200. All other

transistors employed the ll0nM boron junction

i and a range of silicide thicknesses from zero
0 20 40 60Su2cde T so to 120nM were formed on this junction. AnSillcide Thickness (nm)

outline of the main process features is shown

Figure 2 in Figure 4.

For zero thickness of silicide the
Reverse current density versus titanium
disilicide thickness at a revese bias of 3v transistor current gain has fallen to
for both P+-N diodes and P -N emitter-base
junctions. approximately 100. This can be attributed to
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110 100

FINISH WITH TISi 2/Al CONTACT STRUCTURE Emitter Current Density (Acmr- 2)

AS FOR LOW-LAKBE DIODES

Figure 4 Figure 5

The P-N-P transistor process flow. 'iransistor common emitter current gain versus
emitter current density for a 110nri wide
emitter with zero, 55nM and 120nM thicknesses

the fact that the emitter width of llOnM is o iicnatof TiSi contact.

now considerably less than the electron

diffusion length in the emitter. Thus the The forward and reverse biased

reduction in emitter width has resulted in a characteristics of these emitter-base

50% reduction in emitter efficiency compared junctions were measured. The devices with

to the reference long emitter transistor. The zero and 55nX silicide thicknesses exhibited

use of a 55n1 silicide contact resulted in a similar forward I-V characteristics and

current gain in the range 40-50. Again this reverse leakage currents in the range

is due to the further reduction in effectiye 10- 7 - 10 8 A.cm- 2 at a reverse bias of -3V.

emitter Gummell number due to consumption of These values, plotted in Figure 2 are in

the silicon during silicide formation. The excess of those measured on the P+-N diode

emitter efficiency has therefore been reduced test structures. However it should be noted

to about 20-25% that of the reference that the P+-N diodes were formed in relatively

transistor. A further increase in silicide lightly doped substrates, and the process flow

thickness to 125nN ensured complete was specifically designed to reduce the

consumption of the boron diffused emitter. influence of surface states, metallic

Current gains were reduced to 0.1 - for impurities, lattice imperfections and

emitter current densities up to 10A.cm -2 . phosphorous snowplow. The transistor test

This large decrease in gain was due to the structures had base doping densities of the

fact that the emitter-base junction now order 1017cm-3 and the process flow was not

consisted of a Schottky barrier diode. Thus optimised with respect to these effects. It

emitter efficiency has been reduced to less is therefore important to note that with a

than 0.05% that of the reference transistor. 55nM silicide thickness the emitter-base

The measured values of common emitter gain for operates as a P+-N junction whose properties

each of these thicknesses of silicide is are not compromised by the formation of the

plotted as a function of emitter current silicide. This compares with the 6OnM

density in Figure 5. silicide formed on the P+-N diodes where a
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Schottky barrier was formed and the reverse 4. CONCLUSIONS

leakage current was severely degraded. It has been established that the reverse

The I-V characteristic under forward bias bias leakage current properties of an

conditions in the emitter base junction with a ultra-shallow P+-N junction are not

120nM contact is shown in Figure 6. The compromised by the formation of a silicide

contact until the junction becomes a Schottky

diode. For the llOnM junctions employed in

iE-3 this work, the onset of Schottky operation
A-i .71E-4 cs2

TIS12 i20 n occurs when a ailicide thickness of between
T-293 K 55nM and 60nM is employed. The current

IE-4 Vcb -o densities of less than 10- 9A.cm-2 achieved on

the diode test structures are much lower than

other values reported in the literature for

1E5 similar junction depths. The sheet resistance

/3 of these junctions can therefore be reduced to
-9-Terai Characteristics less than 3ohms per square using 55nm of

IE- --Corrected harcteristics titanium disilicide without compromising

f0-.54 eV reverse leakage properties. An equally
n-1 .2
S.2 - Isignificant feature for CMOS circuits is that

IE-7 I , i ,
0 0.1 0.2 0.3 0.4 the emitter efficiency of the parasitic

Veb (Y) bipolar transistors can be reduced by

decreasing the emitter Gummell number. The
Figure 6 ll0M junction contacted with 55nM TiSi

.7orward bias characteristics of the exhibited a 75% reduction in emitter
emitter-base Junctions contacted with 120rimof TiSib c efficiency and therefore a factor of four

increase in latch up resistance as compared to

current levels measured were relatively high. a reference long emitter transistor.

The device terminal characteristics were

therefore corrected to account for ACKNOWLEDGEMENTS

approximately 2ka of base resistance. The F. Ruddell wishes to acknowledge the

emitter-base junction was therefore financial support of the Department of

* characterised as a Schottky barrier diode with Education f'r Northern Ireland and STC

a barrier height to n-silicon of 0.54v and an Technology, Harlow, England.

n factor of 1.2. The barrier height is lower E. Ling wishes to acknowledge the

than reported for TiSi2 - n-silicon and may be financial support of the Department of

due to the fact that the silicide was formed Education for Northern Ireland.

by reaction with silicon heavily doped with

boron. The contact therefore consists of both REFERENCES

titanium disilicide and titanium boride.

The reverse bias leakage currents of these (11 Wilson, R.G. J. AppI. Phys. (1983) 6879.

junctions exhibited values of the order (2] Solmi, S., Landi, E. -nd Negrini, P.,
IEEE Trans Electron. Dev. Lett. (1984)

10- 5 A. This is considerably higher than 359.

predicted by ideal Schottky barrier theory and
"3r Ling. E., Maguire, P.D., Gamble, H.S. and

can be attributed to the increased roughness Armstrong, B.M., IEEE Trans. Electron.

of the thicker silicide and edge effects. Dev. Lett. (1987) 96.
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THREE DIMENSIONAL DISTRIBUTION OF LATCH-UP CURRENT IN SCALED CMOS STRUCTURES B3.1.3

Luca SELMI, Franco VENTURI, Enrico SANGIORGI, and Bruno RICC6

Department of Electronics, University of Bologna
Viale Risorgimento 2, 40136 Bologna, Italy

This paper presents a novel hysteresis phenomenon induced in the latch-up I-V characteristic of CMOS
structures by three dimensional effects producing strongly bias dependent non-uniformities in the current lateral
distribution. This behavior has been experimentally reproduced in a lumped element circuit, and a suitable model
is presented.

1. INTRODUCTION om but not in the 50 im structures.

Latch-up represents a crucial problem to be solved in The width of the hysteresis cycle, taking place at very

the scaling down of device dimensions toward the submicron low current and voltage values, is about 20 mV. This implies

range. In the study of this phenomenon it has been shown extremely small power level differences between stable limits

[1,21 that three dimensional effects play an important role in of the hysteresis and allows to rule out the hypothesis that

determining the latch-up behavior of common devices (usu- thermal or second breakdown effects are the causes of this

ally described by the I-V coordinates of the holding and behavior.

triggering points in the SCR characteristic), as well as their L -

dependence on geometrical dimensions. -S- S -

In this paper we will show that such effects can alsoT ' n el

produce unexpected but reproducible and well characterized I
hysteresis phenomena in common CMOS structures. p 11L

2. EXPERIMENTS

The devices used in the experiments were fabricated

with a CMOS technology based on bulk p-substrate of
8 x 1014 cm - s with 5 pm deep n-wells. Conventional four

stripes test structures featured different top view aspect ra- It A A
tion (L=80,140 pm; W=60,100 and 200 pm) and p+ to n+

spacings (S=4,6 pm). The contacts on the p+ emitters have

been splitted in several equal parts (3 in the 50 pm, 5 in the Fig.1: Schematic representation of the multi-contact test
structure layout and measuring circuit.

100 and 200 pm devices). Control devices without such a

splitting were also fabricated and used to make sure that the

results are not an artefact of the contact geometry and/or

measuring circuit (fig.1).

During the measurements well and substrate terminals
were shorted with the p+ and n+ emitters respectively,

backplane substrate conta" was kept floating, and the de-

vice was driven with a current source.

Fig.2 is a photograph of the I-V characteristic of a 200
pm structure (S=8 jm) without multicontact p+ emitter.

The hysteresis clearly visible around the holding point was Fig.2: I-V characteristic of a 200 im structure without

found (below the holding point) also in devices with W=100 multicontact p+ emitter (S=8 pm).
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It [MA/pm)

,30 L

C
p p

n n 20

10 Ti]
Fig.3: I-V characteristic obtained with 50pm
the lumped element circuit sketched in the U
insert (R. _ 10000; R. t 100n). (M)

5 1 15 It 2T[mA]
[r.A/Jwm] Fig.4c Current density (per pm of W) through the p+
I,- lpj emitter contacts of 50 jm wide structures (S=8 pm) vs.

structure total current.

Fig.3, instead, shows a similar characteristic obtained

20 with a lumped element circuit, sketched in the insert, baed

I1, on two SCR's with a slight difference in the holding volt-

ages (=5 mV) connected in parallel . The presence of the
hysteresis in the discrete circuit strongly indicates that two

10 different devices are essential for the phenomenon to take
place.

Fig.4 presents the current densities measured at var-
(a) ious p+ emitter sections of the 200 and 50 psm wide de-

^a l 2 .3..4..t A j vices as a function of the total current (It) flowing across

1" 2" 3 4[mA]5t the structure. In particular curves in fig.4a,b refer to the

pA/pm] [mA] lateral and intermediate emitters of the 200 Jim device re-

spectively, while the 50 jm stucture is reported in fig.4c.

As can be seen the current excess at the structures edges at
the holding point [1] becomes much larger with the device
biased well in the conducting state. The difference between

20 1' curves L, and Ls as well as I, and I, increasing with total
current, is probably a consequence of small parasitic contact

resistance disuniformities.
i tea The hysteresis instead is associated with completly dif-

10 .ferent current disbributions along the device width. In fact

once the structure has reached the P point (where current
splits almost simmetrically between lateral contacts) a fur-

(b) 12 ther decrease in It causes current crowding at one side of

1the structure while the other rapidly drops out of latch-up

(oy point). The comparison between flg.4a and b points out

Fig.4a,b : Current density (per pm of W) through: a) the a current crowding enhancement below the holding point.
lateral p+ emitter contacts (Ai,o); b) the intermediate p+
emitter contacts (&,o) and the well contact (.) vs. struc- The original simmetric situation can be obtained only in-
ture total current (S=8 pm,W=200 0m). creasing I, above a threshold Is, higher than L,. Conversely
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the 50 pm device (fig.4c) exhibits the same current distri- 11,12 Ci t/2 lt/2

bution above and below the holding point. scr1 -

3. DISCUSSION I ,
The experiments, as the lumped element circuit indi- Al / E

cates, can be interpreted by means of the structure shown cr 2

in fig.3 composed of two SCR's (5CR1 and SCR2 respec-

tively) connected in parallel and exhibiting slightly differ- a

ant I-V characteristics as a consequence of many possible H, H2  Y H

contributions such as in particular distributed contact resis-}F a 6
tance. In this model for any given I the SCR's bias points

(1 1,V;I,,V) must be such that 11 +12 = It while the pres- (a) (b) V C) V

ence of R. and R. provides a coupling term between the VN2
constituent SCR's.

Let us now discuss the structure behavior along the Fig.5: Schematic representation of the I-V characteristics
of: a) SCR and SCR, (see insert of fig.3); b,c) the whole

descending branch of the hysteresis cycle (E -- a - lumped element equivalent structure.

in fig.5b or E --+ H -- a - 1- -y in fig.5c), starting

from a situation where the current distribution is essentially

symmetric (as seen in the experiments).

With the SCR's in the low impedance condition a de- the hysteresis cycle (-y).

crease in It causes a correspondent decrease in V until SCR2 This model is confirmed by the lumped element circuit

reaches its holding (Fig. 5a, point H2) while SCR1 is still that furthermore allows to separately measure voltages and

in a positive differential resistance region (point A,). If 1, currents at every node thus exactly clarifing the way SCR3

is now further lowered there are two possibilities: a) a volt- switches off. The results of the measurements on the ac-

age V > VH,, exists such that 11(V) + I(V) = It and the tual distributed structures are shown in fig.4a,b and clearly

SCR's are still in the latched state; b) the previous condition indicate that when SCR2 exits the latched state tens or hun-

cannot be verified. dreds of uA still flow through the off side of the p+ emitter

In the latter case (Fig. 5a,b) SCR 2 drops out of the thus pointing out that the SCR2 vertical transistor, that has

latched state switching from H2 to S2 while the voltage higher shunting resistance, remains in its high gain, normal

across SCR1 must be such that II(V) = It (point CI). Un- mode of operation but its collector current is not enough to

der these conditions the I-V curve of the complete structure keep the lateral npn in conduction. Finally the experiments

(Fig. 5b) will exhibit a discontinuity (6 -- -y Fig. 5b) show that currents flowing through the well and substrate

around its holding point as actually found in the 200 pm contacts, hence the total emitter currents, suffer only minor

devices and experimentally reproduced with the lumped el- changes during the 6 -y y transition.

ement circuit of fig.3. Turning now to the other branch of the hysteresis cy-

If, instead, a voltage V > Vm, can be found so that cle, i.e. that through the points F -* -y - 6, we deal with

I,(V) + I 2(V) = It, SCR1 will enter its negative resistance a circuit that operates very asymmetrically so that it is no

region (H2 - R2) while the SCR1 operating point moves longer possible to neglect the coupling of the two halves of

from Al to B1. This condition holds until a current level fig.6 (or of the insert in fig.3), as implicetely done in the

I* is reached for which g(1,) + g3(I2) = 0 and I, + I = It* previous discussion. In the starting point F we have: T3

where g, is the differential conductance of SCR1 (approx- off, T, on at low current level, Ts and T4 - representing the

imately constant and positive between points A, and BI) lower holding part of the device - heavily saturated. The

and g2 that of SCR 2 (negative but increasing between points lateral voltage drop due to majority carrier flow underneath

H2 and R2). For It < I' SCR2 drops out of latched state the emitter diffusions, responsible of the different status be-

with effects similar to those of point b). While It decreases tween the left and right sides of the structure, is accounted

then, V reaches a minimum (point H in fig.5c), then in- in the model via r,,,r,, and r.,. In particular at %

creases slightly and finally switches on the other branch of r, is crossed by the small T, base current while the others

785



by part of their transistors bypass currents. This situation is 4. CONCLUSIONS
quite different from that of point 0 where currents still crow A novel hysteresis phenomenon caused by than dime.
the structure simmetrically and T2 bae emitter voltage V.2 sional effects and producing strongly bias dependent Ron.
(- V6. 4), is the sum of two terms: the drop on R. due to uniformities in the current lateral distribution was observed
substrate shunting current and that on r. due to the high in the latch-up I-V characteristic of CMOS sructures. Thi
T, collector current. In terms of voltages the situation at behavior has been experineatally reproduced in a lumped
-y differs from that at P because the voltages acros r, element circuit and characterised by a suitable model. Fur-
and r,2 are much smaller (while those on R. and R. have thermore it is shown that in wide structures (sufficiently
not changed substantially, as the overwhelming part of the large to be sketched as composed of different sections can.
shunting currens now flows through the heavily saturated nected in parallel) bistability phenomena can take Place
Ts and T4). In particular Vb.2 is now much smaller than (due to slight disuniformities and/or enough largo traversal
Vb.4, even if T, is not really switched off, since its collector resistive coupling between the various sections).
current is in any case much smaller than that of Ts.

If the total current is now increased, the starting value ACKNOWLEDGEMENTS
of Vb.2 is too small for T2 to turn on and a positive feed- The authors would like to thank Giuseppe Cord& and

back with T, to be established. The threshold for this to be Alfonso Maurelli of SGS-Microelectronics (Milan) for their

the case will be reached again only when It reaches a large technical cooperation and support in realizing and process-

enough value 16. Consequently between oy and 5 the struc- ing the devices used in this work.

ture I-V characteristic is substantially different from that of REFERENCES
the branch a [I] E. Sangiori, B. Rcr, and L. Selmi, Three din=-

Of course the actual resistances values can deeply influ- aio , rictia L.OSlmi- ' imnn
ence the device behavior. In particular r. (r,,) should be Eon deictt ol EDL4 p154 , E7

sufficiently high compared to R. (R.) to induce an appre-

ciable difference in the status of T2 and T, as necessary fo [21 A. G Lewis, R. A. Martin, T. Y. Huang, J. Y. Chen,
the hysteresis to occur. This has also been verified exper- 'Three-dimensionl effects in CMOS latch-upP, IEDM

imentally as an addition of external resistances increasing Tech. Dig., p.248, 1986.

the R/r ratio makes the hysteresis disappear in all cases.
Insufficient values of r., and r,,, due to its reduced width,
explain, in our opinion, why no hysteresis can be found in
the 50 pm devices.

RW

T r'1, i, T

T2 . r4 T4

Fig.6: Lumped element equivalent circuit of the 200 and
100 pm structures.
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A NEW SCR PARAMETER EXTRACTION METHOD TO HELP DESIGN FOR RELIABILITY
IN CMOS CIRCUITS

K.ERDELYI
Research Institute for Technical Physics of the Hungarian Academy of Sciences
H-1325 Budapest, P.O.Box 76. Hungary

G. KNAPP
Microelectronics Company
H-1325 Budapest, P.O.Box 21. Hungary

1.INTRODUCTION characteristics. To avoid irreal final parameter

The parasitic SCR action in bulk CMOS in- values or divergence,the initial values should

tegrated circuits has been extensively studied, be carefully selected. Parameter determination

Although there are several experimental technique had to be slightly modified as the

methods to determine and study the latch-up effects of unusual parameter values of parasitic

sensitive parts of a layout, the prediction of bipolars make difficult to separate the different

latch-up behaviour is strongly desired, regions of operation. The lg(Ic/I B ) versus

CAD oriented techniques were developed to lg(I C ) in normal active mode (common emitter

extract latch-up sensitive parts of a CMOS configuration) proved to be efficient to deter-

layout (1) thus reducing the problem to elec- mine the termination of generation-recombination

trical simulation. However optimization of the dominant region and the beginning of the high

model complexity is required because of the level injection region as the collector current

large number of possible paths and the effort increases. From Gummel-Poon equations a for-

to reduce computational time and cost (2). mula for IC/IB can be derived. For simplicity

The prefered lumped element equivalent cir- the Early effect is not included (eq.1.).

cuits have the disadvantage of inaccuracy in B N

comparison with the 2D and 3D models since eq.1 -  B
rslrT'i a= N

the parasitic structure can hardly be approxi- 'BC F(IS

mated by a network of individual elements (3).

In spite of this there is still a need for one- where BF maximum forward beta

dimensional SCR model which can be Implement- ISE B-E leakage saturation current

ed into a general purpose circuit simulation IS transport saturation current

program. NE B-E leakage emission coefficient

In the following sections we present our IKF corner for forward beta

results on SCR parameter extraction by fittr high current roll-off

the Gummel-Poon model on discrete bipolar NF forward current emission coefficient

transistor characteristics and a modified para- Note that the equation is independent of resis-

meter extraction method that offers a better tances. Applying logarithmic scale a slope of

description of the SCR on-state characteristic. (1-NE/NF) can be derived for the former and

-1 for the latter region.

2.GUMMEL-POON MODELING Transfer characteristics were used to deter-

Parameter extraction begins with determina- mine parameters responsible for normal active

tion of initial values and is completed by a behaviour (eq.2,3)(SCR off-state) and satura-

least-square fit on input, transfer and output tion curves to characterize the device with
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Fig. I.Bipolar transistor characteristics
1.a. npn transfer and input characteristics
1.b. npn C-E,B-E saturation voltage vs. collector current
1.e. pnp transfer and input characteristics
1.d. pnp C-E,B-E saturation voltage vs. collector current

eq.1lIgl c= Igl s+(V BE-I BR B- (B+I C)RE) / (N FVT) where
N R reverse emission coef.
B I meximum revese beta

e.2 gI C1 Ig+SEBF (NpF-NE) B E - B B - (IB + C ) E )  B SI c/I B

FB= IgI-S+ N F N
e p  

VT

N,(Bs+l)
eg. 3 V T=Vc +1(R 1 RE)
eq4 VESAT= 

S O C1 C NF+ I S

eq.4 V =IS (1- -j- exp(- VCES0 "\  VBE-(RB+(BS +)RE)IC/BSBE-SA- B N xV N VT
BEAT ' R R T F T
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both junctions forward biased (eq.4,5) (SCR
on state). 2 0 6 I rrA 00[n ]

A modified gradient method was used for ef-

ficient optimization of parameters. The compa- I5 0

rison of calculated and measured characteristics

are shown in Fig.1. 1

The calculated parameters (capital letters)

can be expressed as follows (see Fig.3.): 5

R cprw+r cp R CN~rS+r CN

SBp=r S+rBP RBN=rW+r BN 8l ll li
R Ep=rEP REN=rEN

U40o4 EU)
For first order SCR modeling input parame-

ters were determined with the assumption of Fig.2. SCR I-V characteristic

positive resistances; measured: dashed line
simulated: o

rw= min(Rcp,RBN)

rS= min(RCN'RBP) A non-destructive DC measurement tech-

The other parameters were derived in compli- nique was developed for Keithley measuring

ance with the selection of r w and r . system. Current generator was used as a sup-
I We performed SCR simulation with these

ply. A current value greater then the holding

extracted parameters. In spite of the fairly current was set in stand-by state. Latch-up

good parameter fitting of bipolars, it was found was triggered by displacement current initiated

that the measured and calculated SCR data dif- by the voltage spike at turning the generator

fer significantly especially in the on-state re- on. The forced current was decreased until the

gion Fig. 2. the compliance limit of the generator was sen-

sed at the device terminals. 'w,'Is and Vto

3.MODIFIED SCR PARAMETER EXTRACTION tot
were measured during the process.

In order to get better description of latch- The measurements were carried out on ape-

up hardness of CMOS structure our main idea cial test structures containing the latch-up

was to extract the model parameters from the sensitive part of a CMOS inverter with dif-

measured on state characteristics. The parame- ferent geometries.

ter Vmin (the minimum voltage required to sus-

tain on-state) is prefered to the commonly used I
Ihold and Vhold since the breakpoint occurs as

the sum of the generator impedance and the ne- re

gative impedance of the structure becomes zero,

so these latter parameters are not free from

measurement scheme dependence. C @,

To obtain data in the on-state operation re- 0

gion Iw-totI S-tot and Vtot-Itot characteristics

were measured (Fig.3.) according to (4). The

selection of these parameters seemed to be use- 1W

ful to describe the coupling effect between bi-

polar structures. Fig.3. Measurement setup.
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Fig. 4. Measured terminal currents Fig. 5. SCR I-V characteristics

measured: solid line
On the basis of these data the same fitting simulated: o

procedure was performea as in the case of bi-
polar parameter extraction with difference in 4. CONCLUSION

the error function calculation: The parameter of SCR model based on fitting

on on-state characteristics provides better
ERR = (ICN+ 1CP-1tot)2 Itot2 agreement with the measured data.However the

parameters obtained differ significantly from
ICN and I are the collector currents of the those determined from measurements of bipolar

n- and p-type bipolar transistors respectively, transistors. The geometry dependence of the

These currents were determined by Gummel - extracted parameters needs further investiga-

Peon equations. tion.

IC = IC(VBE'VBC'X)
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D3.1.1

DEGRADATION BEHAVIORS IN LPE GROWN D"B LASER DIODES

Nitsuo FUKUDA, Masamitsu SUZUKI, George NOTOSUGI, and Tetauhiko IKEGAHI

NTT Electrical Communications Laboratories, 3-1 Morinosato Wakamiya, Atsugi-shi,

Kanagawa. 243-01 Japan

Jun-ichi YOSHIDA

NTT Research and Development Bureau, 3-9-11, Midori-cho, Musashino-shi, Tokyo, 180

fJapan

Degradation modes of 1.3 um and 1.55 um buried heterostructure (BR) distributed

feedback (DFB) lasers are discussed and several degradation modes are clarified.
DFB lasers essentially fail due to BH interface degradation in the same manner as

BH Fabry-perot (FP) lasers. Additional degradation modes peculiar to DFB lasers

are found to exist.

1. INTRODUCTION these DFB lasers is about 20-30 mA at room

DFB lasers have been found to be promising temperature.

single wavelength light sources for various

optical fiber transmission systems. 3. AGING TEST AND RESULTS

Reliability is a very important factor in the 3.1. Degradation Modes

application of such lasers to transmission In general, etched-mesa-buried-heterostructure

systems. This paper discusses failure modes in FP lasers are degraded by BH interface

DFB lasers, including a device lifetime degradation between first step growth layers

comparison between 1.3 prm and 1.55 lrm (DH layers) and second step growth layers

InGaAsP/InP DFB lasers. (Burying layers) as shown in Fig. 1 111. This

interface degradation mainly depends on the

2. SAMPLE PREPARATION injected current density rather than light

The 1.3 um and 1.55 um DFB lasers used in output power and these degradation modes were

this study are BH types without a phase shifter

in their cavity. The cavity length was about _-_n__a__p

300 um and stripe width was 1.0-2.0 trm. These InGaAsP

lasers were obtained from liquid phase epitaxal
* n-InP

(LPE) wafers through the cleavage process.

These wafers were fabricated as follows: (1) active layer p-InP--

InGaAsP/InP double heterostructure (DH) wafers n-lnP

were etched down the mesa structure and (2)

then the mesa side walls were buried with a p- FIGURE 1

and n- type InP layers, and an n-type InGaAsP Degradation of BH lasers. Two arrows indicate

layer by LPE. The typical threshold current of the degraded areas.
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clarified in detail rl. Interface degradation aging test, the devices were subjected to a

can also be observed in DFB lasers. In two-step screening test and only lasers which

addition, a ,gradation mode peculiar to DFB suffered little degradation were selected for

lasers exist which severely affect their aging the long term aging test. The average

characteristics. DFB lasers with super liner increasing rate of driving current was

-6 -1I
current-light output characterisctics shown in estimated to be 5 x 10 h , and this value is

Fig. 2 tend to be unstable during aging, small enough to assure long life of DFB lasers.

Lasing wavelength gradually gets shorter or These aging tests confirmed that there is no

longer depending on the degree of degradation, change in the lasing wavelength.

This phenomenon is mainly caused by

inhomogeneous optical field distribution in the 150

active region due to inhomogeneous injected 50"C, 8 mW AR-CLEAVE

current flow. 100

0.3 50

20'C10 >-

-0.1 ' AGING TIME, h

INITIALFUE
1-4 AFTER AGING FIGURE 3

0 50 100 Aging characteristics of 1.3 pm DFB lasers.

CURRENT, mA

For 1.55 pm DFB lasers with an AR-coatedFIGURE 2

facet, the same screening tests and preliminaly
Change in lasing characteristics of 1.55 pm DFB
laser. Aging for 20 h was carried out under a aging tests were performed. The aging was
constant current of 200 M.A carried out under a constant power of 5

mW/facet at 50C (average driving current : 80

These degradation modes become serious mA). The average increasing rate of driving

-6 -1problems in terms of reliability, if the lasers current was estimated to be I x 10- h- . The

which are severely degraded by above discussed wavelength of these lasers was also unchanged.

modes are applied to transmission systems. The increasing rate of driving current for

However, those lasers can be screened by 1.55 um lasers was smaller than that for 1.3 wm

suitable pre-aging [21. lasers, even though the driving current for

3.2. Long Term Aging 1.55 pm lasers was larger than that for 1.3 tim

Aging tests were carried out on 1.3 um lasers. This fact can be understood as an BH

lasers under a constant power of 8 mW/facet at interface quality difference. The BH interface

50C (average driving current : 70 mA) 13]. The for 1.55 um lasers is cleaned naturally by the

front facet of these lasers was coated with an melt-back process during second step growth and

anti-reflecting (AR) film. The results of the the melt back process hardly occurs for 1.3 jim

aging test are shown in Pig. 3. Before this lasers [4]. (Here, 1.3 pm lasers, where their
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* BH interfaces were artificially cleaned by 4. CONCLUSION

nmc-back, were hardly degraded under aging Several degradation modes in DFB lasers were

[4] .) This resulted in the lower increase in clarified. DFB lasers essentially fail due to

driving current for 1.55 jim. Under severe BH interface degradation in the same manner as

aging conditions(25*C, 20 mW/facet), it is also FP lasers. In addition, degradation modes

confirmed that BH interface degradation for peculiar to DFB lasers were found to exist.

Through suitable screening processes, DFB

lasers can be selected for use in optical

250 C, -aW transmission systems.
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D3.1.2

1300 n Df,-LASM W7! BM(CTM IC BO DUN E ( ID GATUG3 M F MIO-FR OYMU BY LPE

N. Schilling, K. Winstel, H. Schweizer, J. Scherb, A. HNzer, K. L~sch, 0. Hildebrand

Standard Blektrik Lorenz AG
Research Centre, Optoelectronic Coponents Division ZT/FMU
Lorenzstr. 10, D-7000 Stuttgart 40, Federal Republic of Germany

DUB lasers were fabricated for the first time with gratings dry etched into lnP substrate
by reactive ion beam etching (RIBE). Deformation-free overgrowth of these 0.2 Im deep
corrugations was performed by liquid phase epitaxy (CLE). Threshold currents (cw,25 OC) as
low as 23 M demonstrate that no severe degradations occur in these devices due to surface
damage caused by the dry etching. Single mode operation with a sidemode suppression
> 35 dB is obtained due to strong coupling of the grating. HF-measurements reveal a 3 dB
modlation bandwidth of 9 Gnz for the DFB-DC-DC1BH structure.

1. 11479MUCMI successfully applied to the fabrication of
Distributed feedback (DFB) lasers DFB-DC-DCPBH lasers in the 1.3 jAm wavelength

with stable single longitudinal mode opera- region.

tion are required for optical fibre trans-
mission systems with high bit rates over long 2. DEVICE TCOLOGY
distances. The second-order diffraction gratings
However, the fabrication of these devices with a period around 400 rm are formed in
involves very critical processing steps like photoresist on top of (100) oriented n-doped
diffraction grating formation and overgrowth InP substrates by holographic lithography.
of the fine corrugations. These patterns which are aligned along the

Sulicron gratings formed by wet etching [01.1- direction are transferred into the InP
typically show low depth to width aspect ra- wafer by a dry etching process. A mixture of
tios. Their profiles are determined by pre- 95% argon and 5% oxygen is used for the rea-
ferential etching of special crystallographic ctive ion beam etching (RIBE) performed in a
planes. This leads to unfavorable grating comsercial system with a Kaufman type ion
shapes which are on the one hand often dif- source (TePla, Ribetch 160) as described [2].
ficult to overgrow, and result on the other Grating structures up to a depth of 0.25 pm
hand in weak grating coupling strength, as- are obtained in this way. Afterwards the re-
pecially when additional degradation occurs sist mask is removed in an oxygen plasma
during the epitaxial process. followed by cleaning in organic solvents and
Recently we have shown that the application a thorough oxide removal. No additional wet
of reactive ion beam etching (RIM ) in con- etching of the semiconductor surface or ano-
aection with effective suppression of thermal dization step as reported in [3) is necessary
deformatio, before liquid phase epitaxial to dissolve the residual damage layer.
(LPR) -owth is -promising way to overcome In a first liquid phase epitaxial step
the J 1i mentioned problems and to realize the n-InGWaA5 waveguide layer (dw - 0.2 ,m,
the - %red submicron structures in the inP X - 1.15 to) is gron directly on the corru-
mserial ,-tm (1,2). gated substrate, followed by the undoped

In ti- _&*sent work this technique is active InaAsP layer (da - 0.12 , X -A
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1.3 tin) and a p-InP confinement layer (d -5

0.5 A) comleting the basic W-laser wafer T 25C
(Figure 1).

cw

1-1

B6 a- 0
D 20 40 60 80 100

FIGURE 1 
drive current (mA)

SE cross-section of a laser wafer with dry
etched grating after first LPE step. FIGURE 2

Light-current characteristic of a DFB-DCPBH
laser fabricated from a wafer according toThe excellent embedding features of LPE allow Fig.1.

for the full planarization of the deep corru-
gations by the waveguide layer and guarantee

the planar growth of the active layer. Ap- Single mode operation with a strong side-

plying the GaAs-cover technique during low mode suppression better than 35 dB is obser-

temperature LPE we obtain copletely ved. An example of these measurements in the
degradation-free overgrowth [2] of the temperature range from 10 0 C to 400 C is shown

argorVoxygen-RIBE etched trapezoidal gratings in Fig. 3. In this figure the mode spectra
as demonstrated in Fig. 1. Finally, the DID (log scale) of an as-cleaved laser without
wafers with dry etched gratings are processed antireflection coating are plotted for vario-
to index-guided DC-DCPBH lasers [41 sui- us temperatures at constant drive current I
table for high speed operation. - 2.7 1 th (25 0 C). The measured emission wave-

length shift with temperature is 0.09 rw/K
3. RESULTS which is typical for DFB operation corres-

The light/current characteristic of a DID- ponding to the temperature dependence of the

DC-DCPM laser incorporating a dry etched refractive index.
deep grating is shown in Fig. 2. The thre- Coupling coefficients K of DI-lasers are
shold current Ith of this 180 A long chip often determined from subthreshold stophand-
amounts to 29.5 ma under cw-operation at width measurements. However, due to the do-

250 C. A quantum efficiency of 18% (b.f.) is minating role of the DID mode even below
measured for this device. Threshold cur- threshold a direct evaluation of K is very

rents range from 23 if to 31 mh for 140 Lm to difficult for the present lasers. From the

220 La long lasers cleaved from the ine wa- depth and shape of the grating an estimation
fer. Quantum efficiencies up to 28% are oh- for K based on Streifers model [51 gives

tained, coupling coefficients wall above 100 l/cm.
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a function of different bias levels corres-

dh nm . ponding to various optical output powers. A
S0.09 - maximua 3 dB modulation bandwidth of 9 Guz is

= 2.7 Ith measured at I - 2.4 1th indicating that the
laser is suitable for transmission at high

10 bit rates.

30*c &O'C4. CLNIUSICIS
W DF-Lasers were realized for the first

o -20 time with gratings dry etched into InP-
substrate as deep as 0.2 Am by reactive

- ion beam etching (RISE). Deformation-free
-30- overgrowth of these deep corrugations folio-

wed by the complete laser structure was per-
8 128S 1290 formed by liquid phase epitaxy (LE). Thre-

wavelength, nm shold currents as low as 23 mP at room tem-
perature under cw operation indicate that
no severe degradations occur in these devices

FIGURE 3 due to the surface damage possibly caused by
the dry etching. From the low threshold va-

mode spectra as a function of temperature at lues obtained we conclude that crystal damage
constant drive current. as created by RIBE is in-situ annealed during

the LPE process. Therefore we can fully pro-
!~ tst te S proertes o ou lasrsfit by the advantages of the sharp edged and

measurement of the frequency response under
very deep dry etched gratings resulting in a
strong coupling with a sidemode suppression

formed. The results are depicted in Fig. 4 as
better than 35 dB over a large temperature
range.
In addition, excellent high frequency cha-

fb .racteristics due to the DC-DCPBH structure
O* ,It1 with a 3 dB modulation bandwidth of 9 GEz are

e2.0 Ith Aobserved.

All the data presented above are first
-3- results obtained from devices which are not

yet fully optimized. Nevertheless, the capa-
bility of this type of lasers for optical

- fiber commuications is clearly demonstrated.

0
05 3S 6 O 1

frequency, GHz we wish to thank G. Mller, B. Knapp,

A. Rudolf, G. Jahner and F. Schuler for sup-

port in epitaxy, device processing and cha-

FIGUE 4 racterisation.
This work was funded by the German ministry

Smll-igmal frequency response for different of research and technology (B19T).
bias levels.
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D3.1.4

1.5 Jim DFB-BH LASER GROWN BY HYBRID LPE-MOVPE GROWTH

D. Lesterlin, 3. Cheril, B. Rose, N. Gilleron, P. Correc, 3.C. Bouley

Centre National d'Etudes des T616communications
Laboratoire de Bagneux
196 avenue Henri Ravera - 92220 BAGNEUX - FRANCE

1.5 gm distributed feedback buried heterostructure lasers have been
fabricated by a two step hybrid LPE-HOVPE growth. A threshold current of 38
mA and a single mode DFB operation up to 8 mW in CW have been obtained with a
new stripe design.

1. INTRODUCTION implies.

DFB Lasers are promising light sources for Two reasons could be invoked to explain that

future optical communication systems. Their preservation i

capability of maintaining longitudinal single First, the heat treatment before growth, where

mode operation under high frequency current most of the deformations occur according to

modulation permits an increase of the bit-rate. [7), is very short in an MOVPE technique com-

Their narrow linewidth is also well suited for pared with the homogeneisation period needed in

both coherent systems and wavelength multi- the LPE process. This prevents any thermal

plexing. deformation, providing some cares will be taken

In order to improve the yield and the repro- in the gas environment during heat.

ducibility of laser fabrication, MOVPE techni- Secondly, vapor phase epitaxy is an irrever-

ques tend to replace conventionnal LPE growth. sible phenomena excluding any redissolution of

HOVPE gives better uniformity in composition as the grating at the beginning of growth as it

well as in layers thicknesses than LPE[I-2]. could take place in the quasi-equilibrium

The use of HOVPE has been previously reported liquid phase epitaxy.

for the realization of ridge DFB lesers[3-4)and Moreover, in the structure we proposed, the

BH-DFB lasera]). In the latter case, the fabri- grating etched in the quaternary layer above
cation involves three epitaxial steps over a the active region, is less sensitive to thermal

corrugated substrate which implies the use of a deformation than one etched in InP because the

first order grating to obtain low threshold alloy contains les phosphorus , the most vola-

current[6]. In our case, we propose a BH-DFB tile compound among the constituants.

laser structure realized in two epitaxial steps However, the gas ambient before MOVPE

with the use of a second order grating etched grating overgrowth is very critical and there

Into the quaternary guide-layer. is a controversy reported in the literature :

(13 claims that PH3 partial pressure enhances

2. MOVPE REGROWTH OVER GRATING grating deformation before overgrowth when (6)
In the case of DFB-Lasers, MOVPE also mini- uses a PH3/AsH 3 mixture to suppress the thermal

mizes the grating deformation during epitaxial decomposition of the corrugated layer. So, we

regrowth(31, this is of great interest because have performed some experiments to define the

the grating shape defines the feedback strength gas environment needed to protect the surface

through the effective index variation it corrugation during our epitaxial process.
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Etched grating in InGaAsP layer 117rn

Figure 1 shows a scanning electron microscope

(SEM) photography of a grating made by classical b)

holographic exposure and chemical etching (a

SI3 N4 layer covers it for lithographic purpose

as explained in the third section). The period FIGURE 2

is 465 nm and the depth is 120 nm. We have done MOVPE growth over grating

two separated InP regrowths by atmospheric pres- a) with 1.2% PH3 in the carrier gas

sure MOVPE on part of the wafer. Figures 2a and b) with 0.12% PH3 in the carrier gas

2b show the grating profile after 1 gm InP

growth. In case a, 1.2% PH3 by volume was intro- successively grown by LPE.

duced in the carrier gas whereas, in case b, After photoluminescence characterisation and

only 0.12% PH3 was used. In both cases, the gas epilayer thicknesses measurement, the grating

was introduced from room temperature to the parameters -period and shape- are determined.

growth temperature of 6200C. The grating is made by conventionnal hole-

One can remark that MOVPE regrowth introduce a graphic exposure, the photoresist width is

smoothing of the grating shape but no change in controlled by HeNe (X= 6328 X) diffraction

the depth whatever the PH3 partial pressure is. efficiency measurement. The corrugation is

The deformation of the grating profile seems to chemically etched into the waveguide layer

be a consequence of mass-transport caused by the using SBW solution [81, depth and shape esti-

presence of PH3 as explained in [3). But, on the mations can be done again from HeNe diffraction

other hand, PH3 can be useful to prevent the efficiency measurement.

departure of phosphorus from the surface and so Then a stripe is defined into the quaternary

to minimize the non-radiative recombination of layers by classical lithography and selective

the injected carrier at the InP-InGaAsP corru-

gated interface. So we better use 1.2% PH3 in p# GalnAs

the carrier gas while the deformation is equi- p lnP NE- MO-VPE

valent in both case. G aInssP P'IGalnAP JLPE
1.5Pjr

3. LASER STRUCTURE AND FABRICATION n- LnP
The structure, sketched in figure 3, is

fabricated as follows : first, a n-type InP

buffer layer, an undoped 1.5 lim GsInAsP active FIGURE 3

layer (0.2 ILm thick) and a p-doped 1.3 gm Schematic view of the BH-OFB structure

GeInAmP guide layer (0.2 Pm thick) are grown by hybrid LPE-MOVPE.

804



chemical etching through an Si3N4 mask. Figure diffusion potentials between the p-n InP homo-

4a shows the aspect of a 2 pm wide stripe, one junction on each side of the stripe and the p-n

can notice the grating lines perpendicular to InP/InGaAaP heterojunction within the stripe.

the stripe direction. In our case today, the good quality of the p-n

In a second epitaxial step, a p-type InP InP homojonction fabricated by hybrid epitaxy
cladding layer and a p+-type InGaAsP contact process leads to an effective current confi-
layer are grown by atmospheric pressure MOVPE. nement up to 150 mA.

The pregrowth conditions are those presented As cleaved, the pulsed L-I curve of such a

above. The preservation of surface morphology is laser is shown on figure 5. Threshold currents

also efficient for the stripe as can be seen on as low as 38 mA are obtained. This value is

the SEM photography of the Buried-Ridge-Stripe quite low in spite of the use of a X=l.gm

(BRS) structure (figure 4b). guide layer which leads to a poor electron

After the regrowth, the definition of a new 5 confinement in the active region(ll. Better

pm wide stripe in the contact layer, associated confinement and lower threshold current could

with an oxyde layer on each side, allows the be obtained with lower band-gap guide layer.

localisation of the current injection through an

ohmic p-contact. The wafer is then thinned down

to about 80 pim and back-side metallisation is

done for n-contact. Finally, the wafer is 3

cleaved to obtain 250 ILm-long laser diodes .
E

0

0 50 100 150

CURRENT (mA)

FIGURE 5

Pulsed L-I curve with 38 mA threshold current

For CW operations, lasers are mounted on

a) 1gaM copper heat sinks. In order to ensure a single

mode operation of most of the diodes, one

cleaved facet is anti-reflection coated. This

FIGURE 4 prevents the competition between Fabry-Perot

Etched stripe a)before and b)after (FP) and DFB propagation modes as well as the

HOPE regrowth two-mode behaviour theoretically predicted [121

for a perfectly symetriceal cavity.

4. LASER CHARACTERISATION After this treatment, the discrimination

The current confinement of such a laser was between lasing mode and the most important side

described several years ago for structure grown mode is over 30 dB.

by LPE [9land later by Low-Pressure NOVPE fIa]. Figure 6 shows a subthreshold optical spectrum

The enhancement of the current flow through the where a 23.7 A wide stop-band is clearly

buried ridge is due to the difference in visible.
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5. CONCLUSION

We presented a process for the fabrication

W stop band" of BH-DFB lasers including MOVPE regrowth over
I= 0,951. KL = 2.38 the grating. Threshold current down to 38 mA

K =~ 90M-1 and single mode operation up to 8 uW have been
obtained. A coupling coefficient of 90 cm- hoe

been deduced, demonstrating the ability of

MOVPE to prevent any significant grating defor-

mation during the regrowth.
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LIGHT-GUIDED ETCHING FOR III-V SEMICONDUCTOR DEVICE FABRICATION

Dragan V. PODLESNIK

Microelectronics Sciences Laboratories and Center for

Telecommunicatons Research, Columbia University, New York City

New York 10027, U.S.A.

The rapid, ultraviolet-induced aqueous etching produces vertical,

high aspect features in GaAs samples of different crystal

orientations. Much of the speed and anisotropy of the etching is

attributed to the formation of efficient hollow, optical waveguides.

These guides have been characterized by measuring the optical loss

and the field distribution within the guide. The optical loss is

typically small and does not restrict the etching of deep features.

1 INTRODUCTION the third dimension of a semiconductor

Rate anisotropy, which results in a wafer is currently being investigated

strong spatial directionality, is an as a means of providing additional

important characteristic in many semi- electrical interconnections[2]. In

conductor processing operations. In particular, the interest in these

recent years, the work with the aniso- through-wafer interconnections stems

tropic etching has focused on its use from three basic goals: to reduce the

for the machining of semiconductor length of connections between devices

materials. Vertical, high-aspect featu- for faster processing rates; to reduce

res are an important requirement in the the interference and crosstalk between

fabrication of advanced electronic and interconnections; and to reduce the

micromechanical devices(l]. The close area occupied by interconnections on

spacings and small sizes of modern the surface of the semiconductor wafer.

integrated circuits require vertical An example is a GaAs FET with via

etching to eliminate the undercutting connections thro, gh the substrate[3l.

of adjacent structures. In addition, Such transistor has higher gain at
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microwave frequencies, higher power assisted reaction, etch rate anisotropy

density, and potentially lower can be expected, because ions are inci-

manufacturing costs than a conventional dent normal to the wafer surface. When

GaAs field effect transistor. a semiconductor is plasma etched, in-

Finally, anisotropic etching has corporation of an appropriate gas ad-

been extensively used in nonelectronic ditive results in the formation of a

applications[l]. Even simple holes and passivating film that prevents side

grooves etched in a semiconductor wafer wall etching. However, a perfectly ver-

(typically silicon) can be utilized for tical, through-wafer feature cannot be

many applications. One usage is the made with ion and electron beam sources

generation of high precision molds for because of the spreading of the parti-

microminiature structures. Patterns cle beam and loss of the particle flu-

etched clear through the wafer can be ence with increasing feature depth. In

applied in the area of ink jet printing addition, the massive particle bombard-

technology. In particular, the hole on ment produces typically an incurring

the bottom of the wafer is used as an damage of the semiconductor surface.

orifice, typically about 20 um, for an In this paper we' will show that

ink jet stream[l]. laser-induced aqueous etching with the

ultraviolet beam can be used to make

2 MECHANISMS FOR ANISOTROPY IN ETCHING deep, high-aspect features irrespective

Conventionally, etching anisotropy of crystal orientation. If the laser

in single-crystal materials is achieved beam is incident normal to the

by relying on a crystal plane dependent semiconductor surface, it could be

process, such as reaction rates in wet expected that the light-assisted

chemical etching. This crystallographi- etching will occur primarily in the

cally sensitive etching has been suc- direction of the beam. But, unlike ion

cessfully used to produce deep vertical or electron beams, the laser beam is

features, but its utility is restricted guided by the etched structure itself

by the requirement of specific and via glancing-angle reflections thus

limited crystal orientations. Localized resulting in the vertical etching. This

electrochemical jet etching has been waveguiding effect coupled with the

also used to generate vertical holes in rapid etching at low laser intensities

semiconductor wafers. was first seen in the ultraviolet (257

When etching occurs by an ion nm) induced aqueous etching of GaAs[41.

808



This anijotropic, laser-directed wer ranged from 10 nW to 100 uW. corre-

etching is then also seen in other sponding to laser power densities from

semiconducting materials[61 and in some 100 mW/cm' to 1 kW/cm'; typically,

gas phase, laser assisted process[71. 1 W/cm' was used in experiments.

In all cases, the etching is Most of our experiments were

independent of crystal orientation, and performed on single-crystalline (100)

does not rely on bombardment with GaAs, doped with Si (n=10" cm-').

massive particles. Furthermore, rapid The samples were of different thicknes-

etching is already achieved at low ses which ranged from 40 um to 250 um.

laser intensities, thus laser-induced In addition, three different crystallo-

damage of the semiconductor surface, graphic orientations of GaAs crystals,

which is characteristic for high (111)A, (111)B, and (110). were briefly

intensity irradiation, can be avoided, examined for the sake of comparison.

The etchant was a diluted HNO, aque-

3 EXPERIMENT ous solution (1:20 by volume). This

For the etching experiments in the solution causes no dark etching and

ultraviolet, the 257 nm output from a only weakly absorbs ultraviolet light.

frequency doubled argon-ion laser was The solution, in conjunction with the

used. The laser light was manipulated ultraviolet illumination, allows

by a scannable optical microscope; efficient etching of all doping types

using a computer-controlled microscope of GaAs.I stage, we could scan the sample perpen-

dicularly to the axis of the laser 4 FORMATION OF HIGH ASPECT SURFACE

beam. The laser beam was focused to a RELIEFS

3-4 um spot with a lOx microscope The ultraviolet optical properties,

objective (N.A. = 0.2) onto the sample i.e. the high, near metallic

surface. The semiconductor sample was reflectivity[71 give rise to an unex-

t mounted inside a quartz cell, which was pected effect seen in material removal

filled with a liquid. For this optical reactions on GaAs surfaces. This effect

configuration a measured confocal beam is the extremely high-aspect features

parameter was approximately 25 um. The that arise as a result of optical

incident laser power was measured with waveguiding in surface-relief struc-

an ultraviolet photodiode placed under- tures as they develop on the surface.

neath the microscope objective. The p( This waveguiding effect, coupled with
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the rapid etching at low laser intensi- However, perfectly vertical features

ties, was first seen in the ultraviolet are obtained for all the etchings,

induced aqueous etching of GaAs. Subse- proving that the crystal orientation

quent experiments have shown it to be a does not affect the etched profiles.

more general phenomenon, that is appli- This characteristic is important since

cable to other semiconducting materi- it allows maskless etching of vertical.

als, e.g., Si and InP. Light-guided high-aspect profiles in all crystallo-

feature formation is observed when a graphic directions. Note that, whereas

focused, patterned, or scanned ultra- the ultraviolet anisotropic removal is

violet laser beam is used. In all cases virtually independent of crystallogra-

in the ultraviolet, the etched structu- phic orientation of the semiconductor

re confines and efficiently transmits crystal, visible light does show a

the laser beam. somewhat stronger crystallographic

The possibility that the vertical, dependence, as reported in [8).

ultraviolet-induced etching relies on Figures 1 to 2 show typical profi-

the semiconductor crystal anisotropy les of microstructures such as via

was ruled out after the etching experi- holes and slits formed through a GaAs

ments with GaAs samples of different wafer. The slits were etched by scan-

crystallographic orientations. A weak ning the wafer perpendicular to the

crystallographic dependence is found, axis of the laser beam. In all experi-

resulting in average etch rates of

7:9:9:11 um/min for the (111)A, (100),

(110), and (111)B faces, respectively.

Fig.1 SEN micrograph of slits etched Fig.2 SEN micrograph of a etched groove

through a GaAs wafer, in GaAs: close-up of the side wall.
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ments, the laser beam was focused such etched structure which prevents the

that the beam waist was on the front of beam from diverging.

the semiconductor wafer. The entrance Because the vertical features are

of the structures is well defined and created by using a Gaussian beam, one

the surrounding area is undisturbed. A might think that their profiles should

distinct characteristic of these fea- also appear Gaussian. The vertical

tures is their smooth and vertical side walls is a strong deviation from the

walls. Their width, typically 2-3 um, Gaussian shape. In order to determine a

remains virtually constant, independent mechanism for the formation of vertical

of the etched depth. In contrast.to waveguides, we monitored the develop-

this, the focused laser beam, with the ment of holes, as shown in Fig.4.

3 um waist diverges considerably over Initially, the etch profile is essen-

the corresponding distance, as shown in tially identical to that of the inci-

Fig. 3 . The measured confocal beam dent laser beam, as shown in Fig. 5.

parameter is only 25 um as compared, However, as the etch depth increases,

for example, to the perfectly vertical the feature assumes a tubular, non-

etch through the 200-um-thick wafer. Gaussian profile, Fig.5

This clearly shows that the processing The initial formation of these

beam is confined inside the hollow, anisotropic features from a focused

SFOCAL POINT

200Am
I I

Fig.3 Comparison of the etched profile

with free-space propagation of the

focused laser beam.
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Fig.5 Initial, Gaussian-shape etchings

Fig.4 SEM micrograph of the temporal and the formation of tubular, non

development of the vertical via hole. Gaussian profiles.

laser beam with a beam waist of 4 um portional, by the reaction rate cons-

can be calculated with a model based on tant k, to the local absorbed light

the use of ray optics. The model inclu- intensity. The cos(S) term in Eqs. (2)

des the very important angular depen- and (3) represents the change in inci-

dence of reflectivity and absorption, dent power deposited on the surface due

which for the case of a lossy, metal to surface tilt. The last term in Eqs.

like material must be obtained from a (2) and (3) represents the directiona-

modified version of the Fresnel equa- lity of etching with this surface tilt.

tions. In this case, the surface slope, Material removal is always perpendicu-

which is equal to the local incident lar to the plane of the surface.

angle of the laser beam, is given by During the very initial stages of

0(zr,t)=tan-'(dz(t)/dr(t)] (1) formation of, say, a hole, with a Gaus-

where z(t) and r(t) are, respectively, sian laser beam, all the angular depen-

the time-dependent vertical and radial dent terms are inconsequential. As a

coordinates of the surface structure. result, initially the surface should

The two components of the local inter- follow the intensity distribution of

face velocity of removal are given by the laser beam. Therefore the initial

(dz/dt)={kI(r)(1-R(S))cos(S)}coe(S) (2) feature will be Gaussian.

(dr/dt)={kl(r)(l-R(S))cos(S)Isin(O) (3) As the feature walls become more

where 1(r) represents the incident Gau- vertical, the angular-dependent terms

ssian beam and (1 - R(S)) is the local mentioned earlier become more impor-

absorption. The interface velocity, in tant. Even then, for an incident Gaus-

braces, is assumed to be linearly pro- sian laser beam, the surface structure
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takes a nor-Gaussian shape. However, reflections can have a pronounced

despite this non-Gaussian effect, the impact on the developing shape of a

above model will not produce the strik- cylindrical hole.

ing features with vertical walls seen All the model figures display an

here. Many of these effects occur be- overall appearance that is in agreement

cause light begins to be trapped inside with an actual via. Eventually, a por-

and undergoes internal reflections as tion of the side wall becomes sloped to

the hole deepens. Owing to the angle such a glancing angle that the laser

dependent reflectivity, there is still light from the first strike is comple-

enough power reflected off the side- tely reflected. Also,when the hole is

walls to be subsequently absorbed as deep enough, the second 4trike resul-

the light again strikes a different ting from the reflections off the

portion of the surface. This first bottom does not affect the shallower

internal reflection, or second strike, parts of the walls. Wall erosion there-

does contribute significantly to the fore eventually stops. The incident

formation of the features. Figure 6 beam is then optically guided through

shows this computer simulation of via the hole, while vertical etching conti-

hole development that includes internal nues at the bottom. Under these condi-

reflections to the first order. These tions, etching can bee properly modeled

as a self propagating waveguide.

In fact, much of the speed and
LASERU anisotropy of the etching can be attri-

DEPT buted to the properties of these opti-jDEPTH
I/ cal waveguide-like features. In parti-

| I /cular, the optical loss is small, even

4iJm10 Jm for 200- to 300-um-thick samples, and

I does not significantly limit the etch

I rate with increasing feature depth.

Further, the continuation of etching

I even in the heavily solvated liquid at

the bottom of a deeply etched feature

Fig.6 Calculated hole development with is indicative of the active chemistry

(solid line) and without (dashed line) induced by the ultraviolet light.

first internal reflection.
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5 OPTICAL WAVIGUIDE FORMATION 0
E

One of the most interesting E

consequences of the unusual laser Z

chemistry described above is that it 6 - 514nm

permits the formation of long cylindri- u

U 4 >qh257fm-
cal tubes or vias in semiconductor wa- z

0
fers. In fact, they are miniature, hol- ! 2D
low semiconductor waveguides. This un-

usual microstructure has suggested a < 0 2 2 3 4

number of novel applications in micro- HOLE DIAMETER (gm)

electronics and integrated optics, in- Fig.7 Attentuation coefficient of the

cluding vertical, high-density optical hollow GaAs waveguide as a function of

fiber interconnects,[9] through-wafer hole diameter, measured for 257-nm and

optical light guides,[10] and high den- 514 rw wavelengths.

sity, through-wafer vias for electrical

interconnections from the front to the ry, the measured attenuation coeffi-

back of silicon or GaAs integrated cient was 6.3 times larger for 514 nm

circuitsf3l. than for 257 ni light. Such high opti-

It was already suggested that the cal attenuation in conjunction with

guiding of the laser beam is an impor- less efficient photochemistry is a

tant factor in determining via-hole reason that the visible laser light

profiles and etch rates. The circular does not exhibit the same waveguiding

hollow dielectric and metallic wave- effect.

guides have been thoroughly discussed

by Marcatili and Schmeltzer[11]. To 6 CONCLUSIONS

illustrate some of the features of the In this paper we have shown that

hollow semiconductor waveguide, we the rapid, ultraviolet-induced process

applied a similar analysis for the via produces high-quality vertical etching

holes etched through GaAs samples. The through standard thickness GaAs wafers.

theory and the experiment showed ex- This directional etching is attributed

cellent agreement. Figure 7 shows the in part to the formation of efficient

attenuation coefficient of the hollow optical guides, so that the laser pro-

GaAs waveguide as a function of hole cessing-beam is guided by the etched

diameter. In agreement with the theo- structure itself. Applications of this
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DESIGN AND PERFORMANCE OF HIGH POWER SEMICONDUCTOR LASERS

K. Mettler
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A discussion of fundamental power limits of GaAIAs/GaAs and InGaAsP/InP
lasers is followed by a review of design approaches and of the current
status of development of high-power semiconductor lasers.

Newly designed structures and sophisticated crystal growth techniques
have shifted the power limits of coherently emitting GaAlAs single-
element lasers and arrays beyond 1 W of continuous wave (CW)optical
power, while InGaAsP lasers of comparable structures have so far been
thermally limited to about 200 mW CW power output. Power levels assu-
ring adequate device reliability of around 100 mW are predicted for

lasers from both material systems. Thus the application potential of

semiconductor diode lasers has been appreciably widened.

1. INTRODUCTION modulation capability of up to IGbit/s, and

Due to their many attractive features, could be efficiently coupled to optical

semiconductor diode lasers are especially fibres. A rather low optical power output of

fascinating among the solid-state devices of several milliwatts was mostly sufficient for

today. They offer distinct advantages over these applications.

gas and other lasers: small size direct mod- In recent years the development of semi-

ulation capability, high power conversion conductor lasers is characterized by Increas-

efficiency, low drive voltage and high reli- ing efforts to extend performance limits

ability. which is demanded by many novel applications.

The realization of these advantages in a Since it became evident that the achievable

practical device under the increasing demands optical output power could be dramatically

of various applications has remained a chal- increased beyond the low milliwatt range,

lenging task over the past 25 years since the there is vital interest to exploit this high-

first demonstration of the laser diode. The power capability for optical recording sys-

complex and intricate fabrication technology tems, laser printers, data distribution sys-

required by these devices was responsible for tems, space-communication between satellites,

the enormous research and development effort pumping of miniature solid-state lasers,

expended by many laboratories throughout the micro-surgery and other applications. An

industrialized world which led to the present eventual success of the diode lasers - in

stage of development where a multitude of competition with the gas laser - depends much

laser structures are availble for many dif- on the extent to which it can meet the addi-

ferent tasks. The important industrial applica- tional technical demands imposed by these

tions of laser diodes arrived first in the applications, particulary as far as optical

late 1970s in fibre-optic communications and power and related features are concerned.

in digital audio-disk players; Intense re- This paper summarizes basic limitations, de-

search and development efforts together with sign principles and solutions obtained over

very rigorous system demands finally resulted the past few years towards achieving maximum

in a first generation of compact, rugged and optical power output from semiconductor la-

reliable devices which had a stable beam, sers.
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2. REQUIRIITS AND DESIGN ASPECTS designed to have a high overall efficiency

The above-mentioned applications Impose for the conversion of electrical to optical

new stringent requirements in addition to those power which means that particularly high

known for low-power laser diodes. Most im- slope efficiencies 9d and and low threshold

portant are a high output power level (typ- currents Ith are required in addition to

ically beyond bout 50 AW) as well as a narrow a good thermal design of the laser chip and

far-field pattern and - in specific cases - heat-sink (Fig. 2). These aspects and other

a small spectral width. With the fulfillment demands for diode lasers lead to a multitude

of these demands, the diode laser has become

one of the most highly stressed semiconductor

devices In terms of Intense optical and elec- vertical
trical fields and thermal loading. Thus onelateral Active
must pay special attention to the question of longitudinal
a satisfactory lifetime. Consequently, a ba-

sic goal in the development of diode lasers

is to extend their catastrophic and thermal

limits to very high optical power (Fig. 1) so

that somewhat lower usable power levels are

then achieved with negligible degradation of

perfor mance. The lasers must therefore be Heatsink

FIGURE 2
Schematic representation of a semiconductor

P L diode laser.

P
th

of complex and sometimes even conflicting

Thermal requirements. Solutions have been found

POb through newly developed laser structures

COD which are different from and more sophisti-

cated than the earlier low-power lasers.
- dP These either allow for additional de-

dl grees of freedom in design or inherently rely

on an Improved control of structural parame-

Iters through the utilization of precise mate-

I rial growth methods such as MOVPE or MBE. In

the following, a more detailed systematic de-

0 "scription of solutions for obtaining high op-
1th I tical power from semiconductor lasers Is giv-

en together with the features of some recent

diode structures representative of the state

Light-current characteristics of a semloon- of the art in this field.

ductor diode laser, In a schematic repro- Short-wavelength devices - composed of
sentation: I diode current, Ith threshold
current, P optical power, PCOD power limit GaAlAs/GaAs heterostructure layers and emit-

due to oatastrophic optical degradation, ting at wavelengths between 0.77 and 0.88 pm
dfoerential efficiency. - and long-wavelength devices - made of layersP t h p oe re t a ici d e n c y . e m l f e c s
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of InGaAsP/InP and radiating at 1.3 to 1.6 Pm

- will be treated in separate sections since

maximum output power is limited by different Cf-
2
.

mechanisms Lm the two material systems. PCOD

10
8  

* .
3. GaAIAs/GaAs LASERS

Output powers of conventional GaAlAs " .--

lasers under pulsed and CW operation are 10

limited by catastrophic optical damage (COD) 16 - - 20
at the laser mirrors /1/. Additionally, eros- - -

ion of unprotected facets by the atmosphere 10 100 T ns4 1000

may occur even at much lower optical power

levels /2/. The basic mechanism responsible FIGURE 3Optical power density limit PCOD of catas-
for COD is the local heating caused by ab- trophic optical mirror damage as a function

sorption of radiation near the facets /3/ and of pulse width T for GaAlAs/GaAs oxide
stripe lasers with different methods of

by nonradiative recombination of carriers at preparation (from /4/): LPE-grown lasers

the facets /1/. (x) with 1 kV sputtered mirrors, (a ) with
300 V sputtered and A12 03 -coated mirrors,

For pulsed laser operation, the catastrophic (0) MO VPE-grown lasers with cleaved mir-

rors. Dashed curves are calculated for 0.1optical power density limit (PCOD) depends on pm active layer thickness and 3 Pmstripe
the time duration of the optical flux and on width; the surface recombination velocity s

the surface recombination velocity s at the at the facet is varied as a parameter.

facets (Fig. 3).

Under CW operation FCOD is given in good
power values, various ways have been used

aproximation /4/ by
singly or in combination, to influence the

remaining parameters a, R and the spot size,

D which has resulted in a diversity of laser
I+ --j-R 1 sL structures. Early attempts were aimed atPCOD 1+ r; a qmax

decreasing the ratio of inner to outer opti-

where R is the mirror reflectivity, r the cal power through the use of anti-reflection

optical confinement factor, a and L are coatings on the facets. Today, this Is still

r v ea oused in addition to one of the following morei ' respectively the effective absorption coef-
basic methods:

ficient and diffusion length of the carriers

in the absorbing region at the laser facet, Decreasing local absorption and carrier

and qmax the maximal heat flux at which the flux: A very effective approach to eliminate

facet Ist destroyed. the effect of local absorption of laser radi-

For ordinary GaAIAs/GaAs DH laser struc- ation and the resulting carrier flux to the

tures D, L, s and qmax are specific material facet is the non-absorbing mirror (NAM) or

parameters which cannot be significantly "window" laser. In this solution, regions are

improved; qmax has been estimated to be created adjacent to the mirrors which are

around 3 MW/cm
2 

/4/, giving experimentally transparent to the laser radiation coming

confirmed values of the critical external from the inner part of the resonator. A NAM

optical power density of up to 1 MW/cm
2 

/15/ effect is achieved either by selectively in-

depending on active layer thickness and Al creasing the band gap of the material at the

contrations. To obtain larger absolute optical facet or by lowering the band gap and the
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photon energy of the laser radiation in the coatings respectvely to the rear and front

inner region of the active layer. This prin- facets, a COD power density of about 5 MW/cm2

ciple was first demonstrated for the latter In CW and an absolute optical power of 120 mW

case: by diffusion of zinc Into the laser could be obtained at an emission wavelength

cavity except at the facets, the lasing energy of 780 nm /11/.

was shifted to a long wavelength. A markedly

increased CU optical power density of up to Increasing spot size:

4.7 MW/cm2 and stable fundamental mode opera- A successful approach to high power diode

tion up to 55 mW CW were thus obtained /5/. lasers consists of enlarging the spot size of

Such a laser type still has a drawback, how- the near-field pattern to reduce the optical

ever: it requires a precisely controlled dif- flux density by structuring the active area

fusion. Lasers with a transparent higher band both vertical by and parallel to the junction

gap facet have been realized in different ways: plane (Fig. 2) as illustrated schematically

(I) In burled-facet type structures a part in Fig. 4. For the vertical increase of the

of the facet material was etched away during spot a frequently employed approach is the

the fabrication process and replaced by a TAL structure /12/: A thin active layer (TAL)

higher band gap material by regrowth /6.7/. with a thickness below 0.1 pm acts as a very

Forcing the light to propagate in a non-ab- weak wavegulde, so that as much as 90 percent

sorbing LOC wavegulde (cf.following section) of the optical energy spreads out into the

up to the facet plane - In addition to the (non-absorbing) cladding layers. Alternative-

previously mentioned diffusion - a similar ly, the large optical cavity (LOC) structure

power density as for the diffused laser and /13/ broadens the effective area of the near-

CW output powers of up to 88 mW have been field spot with the aid of a relatively thick

attained /7/. waveguide layer adjacent to the active layer.

(ii) Impurity-induced disordering (IID) In comparison with the TAL structure the LOC

has been shown to be a highly promising structure has a disadvantage because It re-

technique to increase the band gap of quantum quires the precise control of two parameters,

well materials e.g. selectively disordering i.e. the thickness and the composition of the

by diffusion the regions near the mirrors guide layer to avoid poor mode stability in

/8/.Of the possible impurities Zn and Si, the the direction perpendicular to the junction.

latter is preferable /9/ due to the signifi- In the TAL structure the active layer thick-

cantly lower concentrations needed as com- ness Is the only critical parameter; this can

pared to Zn where the higher required concen- now be well controlled through the well-es-

trations result In high free carrier absorp- tablished growth methods such as metal-organ

tion. An increase in the ultimate optical ic vapour phasepitaxy (MOVPE) and molecular

power of multiquantum well (MQW) lasers by a beam epitaxy (MBE). Even liquid-phase epitaxy

factor of 2.5 is achieved as compared to MQW (LPE) can b.,ing forth an extremely thin ac-

lasers without any facet protection /10/. tive layer when specific mechanisms of growth

Introducing current-blocking layers below on a ridged substrate are utilized. By the

the active layer only at the cavity ends has use of this concept together with an effec-

been used as another approach to suppress tive lateral confinement of the current and

local temperature rise near the facets. In multilayer coating techniques for the facets,

combination with an enlargement of the near the buried twin-ridge substrate (BTRS) laser

field spot size (of. following section) and /1141/ attains a maximum CW output power of 200

application of reflective and anti-reflective mW (Fig. 5) and a fundamental transverse mode
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AA

Brood-area Array

FIGURE 14
Schematic cross sections of diode laser structures developed to in-
crease the size of the lasing spot at the mirror in the vertical (B)
and lateral (C) direction with respect to the basic structure shown in
(A). The ellipses around the active regions (dark) schematically re-
present the local field distribution; also given are the field intensi-

~ties in the vertical CX) and lateral (Y) direction.

operation at more than 100 mW /1/. A de- ng a double quantum well DQW SCH) as the
Screase of the active layer thickness below inrvertical layer structure and a metal-

about 0.05 uLm leads, however, to a marked clad ridge waveguide for the lateral confine-

increase of threshold current density due to wnt. These lasers combine high zero order

the decreasing mode confinement factor /15/. mode output power (56 mW CW) wth a low

The threshold current density can still be threshold curent (10-12 mA) and a very hgh

lowered nevertheless through the use of a external differential quantum efficiency

separate-confinement heterostructue (SCH) (41-q6 ). The CW burn-off power density of

which confines the injected carriers to an these MOVPE-grown lasers of more than 6.5

even narrower layer and in which the light is MW/m 2 (for uncoated facets) is the highest

separately defined in a wider optical cavity value reported to date /19/.

by outer heterojunctons 16,17/. In the In addition to increasing the spot size in

special case of a graded-index separate-con- the vertical direction, it is also pssble

finement heterostructure (GRIN-SCM), parabo- to spread the optical power in the plane of

lically graded wavegude layers on both sides the junction (Fig. ). A straightfrward

of the thin inner layer are used to support approach is to use a wide injection stripe.

Gaussian-haped waveuide ode /18/. SCM Altough a broader cavity may prmit the

lasers have been recently produced employ- existence of higher order modes, this is not
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facet /20/. A better homogeneity also i-

mW 300K proves the beam quality /21/: lasers with a

810 nm 100 Mm wide cavity and a single quantum well
200 CW (SQW) GRIN-SCH structure grown by MBE exhibit

a high degree of coherence along the junction

plane and a stable and very narrow beam; in

some cases as low as 0.80 FWHM. This is close

to the diffraction limit and is of relevance

for high-quality Imaging. Another benefit of

1optimized growth conditions is an improved

100 "external quantum efficiency for which values

of up to 80 % have been reported /22,23/.

P iThe various structural approaches towards

R=96% broad-area lasers fall into two categories.
% r96% In the first category the applications re-

quire narrower waveguide structures (up to

0 about 5um wide) to maintain a single lateral

0 200 mA 400 mode /22,24,25/; in the second this condition

I has been eased. Successful examples for the

latter case are a diode laser with a wider
FIGURE 5

Output CW power P versus current I of a BTRS stripe giving 710 mW maximum CW optical out-
GaAIAs laser with TAL structure. Rf and Rr put power /26/ (Fig. 6), 1 W output power
are the front and rear facet reflectivities,
respectively (from /14/). been announced for a wider stripe /27/, and a

60 pm wide single-stripe GaAlAs SQW GRIN SCH

laser has convered less than 3 W of electric-
a principal disadvantage for those applica- al power to 1.5 W of multimode CW optical

tions which require high optical power from output /28/.

the lasers but not necessarily concentrated Demands to further increase the absolute

in a single lateral mode. A serious drawback CW output powers (i.e. much beyond 1 W) have
in early broad area lasers, were the slight led to the integration of semiconductor diode

inhomogeneities created through imperfect LPE lasers into arrays (cf. Fig. 4).

layer growth and processing technology. The Of the two types, i.e. incoherent and phase-

filamentation created thereby induced insta- locked arrays, the latter have the interes-

bilities due to multilateral mode oscillation lting property of achieving high optical power

and caused the development of hot spots in while maintaining a coherent optical laser

the near-field pattern stressing the facet ini output. The necessary lateral coherence can

that area. The very stringent requirements of be achieved for up to a few tens of adjacent

high-performance broad area lasers with stripes limited by the present capability of

respect to lateral and longitudinal homogene- epitaxial growth methods, array processing

ity could be satisfactorily met only recently and chip-mounting techniques. These have to

with the advent of growth techniques like guarantee a sufficiently uniform lateral and

MOVPE and MBE. Thus e.g. broad-area GRIN SCH longitudinal current injection and heat sink-

lasers with very thin active layers could be Ing.

mad* by MBE giving excellent lasing uniformi- First efforts in array development were

ty across the entire width of a 200 in wide aimed at a low threshold current density and
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_1 O_ __"Of Importance for practical applications

t .1 W of semiconductor lasers are the maximum reli-cw
able optical powers. For GaA1As lasers these

W are much below the record values. Yet single-
element devices are about to extend the cur-

rent range of reliable CW powers from 20 mWOh Ito 100 mw and above /39/. Thus, despite

their high power density they are coming

close to the reported power levels of arrays
of 100 mW to 200 mW with median lives of

22000 and 4900 hours, respectively /29/.

0 0.5 A 1.0 4. InGaAsP/InP LASERS
I Long-wavelength InGaAsP lasers are dis-

FIGURE 6 tinctly less prone to facet degradation than
Optical CW power P versus current I of an their GaAIAs/GaAs counterparts. On the other
MOVPE-grown broad-area GaAsAs laser (from hand, InGaAsP lasers suffer from a much
/26/).

higher temperature sensitivity of to their

a high conversion efficiency as primary goals threshold current density, so that their

besides high power output. Using multi-quan- performance is seriously affected by thermal

tum well and gain-guiding stripe structures limitations. Therefore, one has to confine

for the vertical and lateral definition of carriers and light to the lasing area partic-

the wavegulde, CW optical powers In the ulary well in order to obtain high power

vicinity of 2 W /31,32,33/ have been obtained output with low loss. This is achieved in

(Fig.7). Beam quality was inferior due to the present developments either by buried-hetero-

presence of higher-order spatial modes. structure lasers incorporating leakage-cur-

Various schemes with sophisticated lateral rent-blocking junctions beside the lasing

and longitudinal structuring have been tried stripe or by ridge-guide structures. Anti-re-

to promote fundamental mode operation and a flection and high-reflection coating of the

narrow far-field pattern for the array. front and rear mirror, respectively, are also

Diffraction-limited lobe with a FWHM of 0.70 important. Optical powers of single-element

has already been attained /34/. 1.3 um lasers of up to 150 mW and 200 mW CW

Still higher optical powers have been ob- have recently been reported respectively for

tained using a much higher number of stripes distributed-feedback /40/ and Fabry-Perot

than is possible with coherent arrays. An type /41/ lasers. These record values are

increase in absolute power within one year much below those of GaAlAs lasers.

could be attained starting with 5.4 W CW Higher mowers, on the order of several hun-

using individual arrays containing 100 to 140 dreds of mW are obtained from InGaAsP edge-

stripes /35/ to 25 W for twenty arrays con- /42/ or surface-emitting arrays. Power levels

sisting of 40 stripes each arranged along a approaching I W at 1.3 tim have been an-

bar 1 om long. They were driven in a quasi-CW nounced for the latter case.

mode with 150 ust pulses /36/.

Impressive values of 80 W /37/ and 114 W

/38/ per centimeter of bar length have been

recently announced.

823

Li



b0) P 4 P

Rr]

0.12 0.9
b) P_ 40s 2

0.05 0.9
0 ci P

0 1 2 3 4 A 5

FIGURE 7
Light (P) vs. current (I) characteristics for three examples of
GaAlAa/GaAs laser arrays with different structures:(a) 40 stripes,

symmetrical mirror coatings /31/, (b) 40 stripes, asymmetrical mirror
coatings /32/, (c) 10 stripes, NAM structure at both facets, asym-
metrical mirror coatings /33/. Rf and Rr are the front and rear facet
reflectivities, respectively.
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A3.2. 1

COMPARISON OF METHODS CHARACTERIZING TIME DEPENDENT DIELECTRIC BREAKDOWN
IN THIN OXIDE AND OXIDE-NITRIDE-OXIDE LAYERS

P. HIERGEIST, M. KERBER, R. BAUNACH and A. SPITZER

Siemens AG, Corporate Research and Development
Otto-Hahn-Ring 6, D-8000 MfInchen 83, FRG

The results of constant voltage stress and constant injection current
techniques are discussed concerning dielectric lifetimes and failure
modes of a thermal oxide layer and a ONO-layer. The constant voltage
stress shows that the ONO-layer has a prolonged lifetime and a lower
amount of early failures compared to a single oxide layer, even though
the charge to breakdown of the ONO-layer is smaller than that of the
thermal oxide. From constant current stress experiments lifetimes for
different dielectrics e.g. in a DRAM application can only be inferred in
the case of similar electric fields.

1. INTRODUCTION 2. PREPARATION OF SAMPLES

The development of high density Samples for this study were

DRAM's requires highly reliable thin fabricated on (100) orientated p-type
dielectric films having low defect silicon wafers. The 20 nm gate oxide

density and long lifetimes. Recently was grown in dry oxygen (10% HCl) at

new stacked layers e.g. oxide/nitride 9000C. In the case of the ONO-sample a

or oxide/nitride/oxide (ONO) are shallow arsenic implantation was added

produced to replace thermal oxide in to the p-type substrate. After thermal

storage gates of DRAM's [1,2]. The oxidation to grow the 7 nm thin bottom
purpose of this work is to discuss the oxide layer, LPCVD nitride was
results of constant voltage stress and deposited and subjected to a wet

constant injection current techniques oxidation. This process results in an
concerning dielectric lifetimes and 8 nm thin nitride and a 3.5 nm thin

failure modes of a thermal oxide layer oxide layer on top. The oxide equi-
and a ONO-layer. The constant valent thickness of the ONO-layer is

injection current technique is a therefore 14.4 nm. In both cases the
convenient tool to determine the active areas were defined by a LOCOS

statistical distribution of the charge process. The gate electrode is a

to breakdown Qbd, which is used to polysilicon layer which was

characterize the failure mode and to phosphorous doped from the gas phase

compare the quality of thermal oxide and structured by photolithography and

layers [3]. However, this character- etching. Capacitors with areas from

ization method applied to stacked 10- 4 212 to 1 mm2 were available. The

layers containing thermal oxide can samples for the long term high

lead to errors with regard to temperature constant voltage stress

dielectric lifetime, wore bonded in ceramic packages.
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3. EXPERIMENTAL RESULTS found during the time period of 3000

In Fig. 1 the cumulative failure of hours. In Fig. 2 the cumulative

the capacitors with a 20 nm thin failure of ONO-capacitors with a

thermal oxide is plotted versus the 14.4 nm oxide equivalent thickness

logarithm of the time to breakdown stressed at the same conditions as the

under constant voltage stress for a thermal oxide is plotted. The

capacitor area of 1 mm2 at T=1500 C. cumulative failure steeply begins to

The distributions show for electric rise after a certain period of time.

fields above 6 MV/cm two branches with At a fieldstrength of 10 MV/cm and one

different slopes. At the fieldstrength second stress duration 34% of the

of 6 NV/cm the steep branch is not thermal oxide capacitors failed

compared to 1% of ONO-capacitors. In

Fig. 3 the Qbd-values of 0.01 mm2 area

2 - 10 9.5 9.0 75 9919 capacitors of both dielectrics
1 stressed at a current density of

.0 1 mA/cm2 and T=1500C are plotted in a

a/ j Weibull diagram, The mean Qbd-Value of

-2 2 2 the ONO-layer is a factor of 100

S smaller than that of the thermal
_3 5 E

Gaw lnabv. oxide. The Qbd-distributions of ONO-
-4 AMa: I mM'

T- 150 T capacitors of different areas,

measured at T=250 C are shown in Fig.4.

10' %0 io' W 0' iSo 10' i10 1o' 1 W0 For each area the data fit straight
Thl jai lines in a Weibull diagram. Addi-

tionally lines with a spacing equal to
FIGURE 1

the logarithm of the ratio of the
Cumulative failure of a thermal oxide
(20 nm) at 1500C and different areas are given.
fieldstrengths.

2 ONO 11 10 9 / 9 2 99.99
99ONso

190 1 90

0 63 0 -631

2025 20
2 2

5 -3 -3 -5
Gate negabve Gt eaie (
ArM@. I m -4Ar
T- 150

-5 ~ T -150CT.- -J---5

-' W 10' 10' 10' 10' 10' le to' e to, 106 t0
-  

t0-' t0
-  

t0
-  

I 10" 10'
TWN 11 Qbd [C/cm'l

FIGURE 2 FIGURE 3

Cumulative failure of the ONO-layer Cumulative failure at constant current
(14.4 nm oxide equivalent) at 150°C injection in a thermal oxide (20 nm)
and different fieldstrengths. and a ONO-layer(14.4 nm oxide

equivalent).
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to the ratios of areas.

FIGURE 5
Time to failure versus I/E deduced
from the constant voltage stress data
of Fig. 2 and 3 for a ON-layer

4. DISCUSSION (14.4 nm oxide equivalent) and a
The constant field stress shows thermal oxide (20 nm).

that the lifetime of the ON-layer is

orders of magnitude higher and the

amount of early failures is lower The prolonged lifetimes of the ON0-

compared to the single oxide layer, layer are due to the increased

even though the Qbd of the ON-layer electron trapping compared to the

is orders of magnitude smaller than oxide. This reduces the leakage

that of a thermal oxide with the same current through the insulator (4].

electrode area. In Fig. 5 the The trapped electrons in the ON-

logarithm of the time to failure dielectric cause an electric field

deduced from Fig. 1 and Fig. 2 is that enhances the potential drop

plotted versus the reciprocal field- across the oxide layer near the anode

strength. In the case of the ON-layer [5]. Since the electric fields across

the straight lines are nearly both oxide layers are not identical,

parallel. This is the consequence of the anode oxide is preferentially

the equal slopes of the failure degraded during electrical stress. If

distributions for different field- the breakdown of the whole triplelayer

strengths in Fig. 2. For the thermal is initiated by the wearout of the

oxide the straigth lines for different anode oxide the time to breakdown

failure percentages are not parallel. should follow a relationship

The lines are inclined against each log tbd - const-1/3

other since the failure distributions for the field dependence of the oxide

in Fig. 1 are composed of portions breakdown according to the model of

with different slopes, the I.C. Chen et al (6]. The
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experimental data for the ONO- device lifetimes e.g. in a DRAM

dielectric agree well with the model application can only be extracted in

confirming the assumptions with the case of similar electric fields.

respect to the degradation mechanism.

Furtheron the results of the constant

current stress can be understood on

the same basis. During current ACKNOWLEDGEMENT

injection in a ONO-layer it is This report is based on a project

necessary to apply a higher electric which has been supported by the

field than for an equivalent oxide Minister of Research and Technology of

layer. This difference is due to the the Federal Republic of Germany under

interface properties within the the support-no. NT 2696. For the

triplelayer dielectric (5]. Since the contents the authors alone are

highest potential drop is across the responsible.

oxide layer near the anode, the Qbd-

measurements are testing an oxide

wearout at very high electric fields

(above 15 MV/cm) with the consequence REFERENCES
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A3.2.2

COMPARISON OF THE INTERFACIAL STRESS RESISTANCE IN RAPID THERMALLY PROCESSED THIN
DIELECTRICS

R B Calligaro, P J Rosser* and P B Moynagh*

GEC Research Limited, Hirst Research Centre, East Lane, Wembley, Middlesex, HA9 7PP
United Kingdom
*STL Technology Ltd., London Road, Harlow, Essex, United Kingdom

The dielectric-silicon interface stress resistance of conventional furnace oxides and
those formed using rapid thermal oxidation (RTO) with and without rapid thermal
nitridatlon (RTN) are compared. The stress resistance is deduced from the change in the
fast interface trap density and flatband voltage under high field constant current stress
conditions. In the thinner dielectrics (10-13 nm), the interfaclal stress resistance of
the RTN dielectrics at -9 MV/cm is a factor of 2 greater than in the thermal oxides. For
the thicker RTN layers (34-40 nm) the stress resistance was -25% less than the thermal
oxides due to the reduced interfacial nitrogen concentration. However in the thinner
dielectrics, the higher nitrogen concentration in the RTN layers leads to a factor of -8
greater shift in flatband voltage compared to the thermal oxides.

1. INTRODUCTION 2. SAMPLE PREPARATION AND MEASUREMENT

Considerable attention has been focussed on Conventional oxides were grown in dry oxygen

alternative gate dielectrics to silicon dioxide in a resistance heated furnace and rapid

for submicron MOS devices, particularly with thermal processing was carried out in a

regard to their hot electron injection Heatpulse 410T machine. Substrates used were

resistance. The most promising of these <1003 n-type of resistivity 0.1-4 0-cm.

dielectrics is nitrided thermal oxide because Dielectric thicknesses in both cases were

of its compatibility with conventional restricted to 10-13 nm and 34-40 nm.

processing and resistance to trap formation. Conventional oxides were grown at 950'C and RTO

However, the high energy requirements to form samples at 1100"C. Nitridatlon was carried out

these layers have precluded their general use. on RTO samples at temperatures of 1200C for
This disadvantage can be minimized by using 60sec and 120sec in an ammonia ambient.

rapid thermal processing to reduce the thermal Polycrystalline silicon of 0.4 lim thickness was

budget yet maintain good dielectric quality deposited at 620"C and doped with POC13 at

[1]. Previous work E21 has found that nitrided 950C for 20 min on all the wafers. Aluminium

oxides produced by conventional furnace was deposited by magnetron sputtering at 200C
techniques exhibit a low trap generation rate and 200 p diameter capacitors were

during stress. However, the behaviour of the photo-engraved into the underlying layers. At

interface during stress has not been examined the metal sinter stage the ambient used was

for dielectrics formed by rapid thermal forming gas (10% H2 in N2) for 30 min at 435'C.

processing. In this work, the stress The dielectric layers were stressed using

resistance of the Si-dielectric interface is constant current, high field injection

compared for conventional furnace oxides, and techniques. Stress conditions were selected to

those formed by rapid thermal oxidation (RTO) inject a constant charge (10 mC/cm2) at current

with and without rapid thermal nitridation densities of 200 nA/cm2 to lmA/cm2  or a

(RTN). constant current of 20 pA/pm 2 up to an injected
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charge of lOOnC/cm2. with regard to fixed oxide charge, fast

Immediately after the stress period, 100 kHz interface trap density at midgap, dielectric

high frequency and 50 mV/sec ramp rate -silicon barrier height and breakdown fields.

quasistatic capacitance-voltage curves were The fixed oxide charge in the 60sec and 120 sec

obtained and analysed to give the fast RTN dielectrics was in the range 2.1

interface trap density as a function of energy -3.4 1011cm-2 compared to <5 x 1010cm-2 for the

in the band gap. An example of the curves furnace and RTO oxides. The fast interface

obtained for the 10-13 nm thick samples is trap density at midgap for all the dielectrics
shown in Figure Ia. The calculated interface was low and within the resolution limit for the

particular substrate doping level [3]. From

, l the I-V measurements the barrier height in the
i;to Z. .5 ,- W- _ N . ,I 10-13 nm thick RTN dielectrics was calculated

__., to be 0.3eV less than the thermal oxides
- 2 -3 -2 -1 0 1 2 3

IMM ieM (2.9 eV). However, for the 34-40 nm thick RTN
%% #I,-- dielectric, the barrier height was equivalent

RT. 2O c.' to the thermal oxide samples indicating a low

] -i -. , . * 2. concentration of nitrogen at the interface.-3 -2 ' 0 2 3 --2 4 9 2 3
atom SUIMe The breakdown field of all the thin 10-13 nm

IURLE W PR AND POST STRESS C-V CHARACTERISTICS OF l-13n TICK dielectrics was 13 MV/cm and this was reduced
OIELECTMCS. (pre dashed, post solid line)

by "15% to 11 MV/cm in the thicker samples.

After stressing at high field with constant

trap density distribution is shown in Figure lb current, the original C-V characteristics are

distorted by the formation of fast interface

traps and negative charge in the dielectric.
.*- Injection of charge to 10 mI/cm2  at 20 ./cm

2

FO_- increases the minimum capacitance and the width

RTO.Utse RTN--- (at C/Cox = 0.9) of the C-V characteristics as
.E.1 s * s shown in Figure la. The positive shift in the

EvEt levi EC -IVI V)E flatband voltage is greater in the RTN
FIGURlW. FAST INTERFACE TRAP INTENSITY OF DIELECTRICS IN FIGURE at.

dielectrics than in the thermal oxides

and the distribution for the thick oxide indicating a higher density of trapping centres

samples (34-40 nm) is sho n in Figure Ic. within the nitrided dielectric. This is

discussed in more detail in subsequent
11#_3sections. However the degradation of the

1.12 " dielectric-silicon interface is least in the
.... RTN samples as seen by the small change in the

bF1.1O width and minimum of the C-V curves. The RTN
RTO....N. -

_ _ _T__ .__------ samples are resistant to the formation of
-I - discrete interface trapping centres at 0.3 eV-- Iv BDliv) -

FIGURE. k. FAST INTERFACE TRAP DENSITY OF 34-40Mn DIELECTICS above midgap as can be seen by the absence of

the ledge in the C-V curves in weak depletion.

3. RESULTS AND DISCUSSION Doubling the nitridation time to 120 sec,

Prior to the high field constant current additionally removes the very slow interface

stress a selection of capacitors of each traps which lead to a non-equilibrium peak

dielectric type and thickness were measured response in the C-V curves of the remaining
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samples. Extraction of the fast interface trap
4 F16.6 IMae MIf doeftio 1 &i field SirM far TWo-dl

density, Bit using the high-low or ideal 211

capacitance method [3] as shown in Figure lb '-'lea

confirms the excellent stress resistance of the 154-

thin nitrided samples. However, for the " f-n,

thicker dielectric samples (34-40 nm) the .M CE
• oaUN

120sec nitridation is not sufficiently long to -

provide a comparable stress resistance to the = s

thinner layers (see Figure 1c).
The above measurements were extended to - .e0 . .d 6 .000 0.0 0.4 12.0

stress current densities of 1 mA/cm2  and kd Field I W ci

200 nA/cm 2 for the same injected charge density

of 10 TfC/cm2 . Therefore the interface samples is greater than the furnace grown

degradation measured at midgap can be obtained oxide. This is also true for thicker layers as

as a function of the oxide field and these shown in Figure 2b. However, in this case the

results are plotted in Figure 2 for the stress resistance of the nitrided layer,

10-13 nm layer (Figure 2a) and the 34-40 nm although changing significantly less than the

dielectrics (Figure 2b). A low value of thermal oxides with increasing field, shows a

injected charge was used to prevent significant -25% increase in degradation at -9 MV/cm in

charging of traps within the dielectric and comparison to the thermal oxides. This may be

thus reduce the distortion of the electric due to either a difference in interfacial

field. stress or hole barrier height due to the

In Figure 2a the stress resistance of the smaller nitrogen concentration (-4%) at the

dielectric-silicon interface compared to the

F16.2a Intrfact deyedatio War high field ss for T thinner nitrided samples (-8%) as measured by
1 2.0 Auger emission spectroscopy.

For the thin dielectric layers, the interfaceS 15.0 rao.--, e degradation and the flatband voltage change as

Tox-ilhe a function of injected charge at a fixed

5 o.0 .6... x Mh current density were also measured. These..t. Tax-lfirm
b a-0116+ results are displayed in Figures 3 and 4. In

5.00 Tx-ion
+-- -~ YIF.3 Interface dWedation a function of alectod chle

----o--b~ --.._...o. 4.0C St.O m l ........ __........___........_

6.00 i.00 10.0 12.0 * feelca

Oxide Field/ IW cW1

Tox-linm

120sec RTN dielectric is a factor of 2 higher 0.o onto.

than the 60 sec RTN equivalent. In both cases lkecM

the interface degradation exhibits a 1 'mu

significantly smaller change with increasing imc mN
field than the thermal oxides and the RTN . --. lTu

0.0 25.0 50.0 75.0 100.0 0a.0 usil tosamples show superior stress resistance in lolol hom Mai I co- bWO 14l)e4

comparison to the thermal oxides. At low IlE e| i .cu-2

fields, the stress resistance of the RTO
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confirmation of the results for constant work [5J where low pressure nitridation of

injected charge, the minimum interface oxide films was studied. It was found that

degradation is obtained for the 120 sec RTN appropriate re-oxidation of the nitrided oxide

dielectric. Additionally, the rate of change removed electron traps, thus reducing the Vt

of the interface degradation is significantly shift degradation, yet maintained the interface

less in the RTN dielectrics. Therefore, in integrity under stress. Similar techniques,

MOSFETs the gain and subthreshold slope applied to nitrided RTO films, would also be

degradation of the turn on characteristics is expected to achieve comparable results.

expected to be minimised if RTN gate

dielectrics replace thermal oxides. 3. CONCLUSIONS

The change in the flatband voltage, Vfb, with The dielectric-silicon interface stress

injected charge is related to the density of resistance of conventional furnace oxides and

neutral traps in the dielectric and a positive those formed using rapid thermal oxidation with

shift in the Vfb as shown in Figure 4 indicates and without rapid thermal nitridation has been

negative charge storage. These curves give a compared. In the thinner dielectrics of

relative measure of the expected change in the thickness 10-13 nm the interfacial stress

threshold voltage of a NOSFET under stress, resistance of the RTN dielectrics is a factor

Therefore, as can be seen from Figure 4, the of 2 greater than the thermal oxides at

-9 MV/cm. However, the flatband voltage change
F16.4 FUatMM "ltal cluop as fetiott of Iniaced &"~g of the RTN dielectrics was found to be a factor

~...of -8 greater than in the thermally oxidised
. , 1. T.-1. samples.

. +, l ...,,,*e 
- '- '+  

....mo

- 4 R 4. ACKNOWLEDGEMENT0.50Mee RIM

Tax-in This work has been partly supported by the

OW -.cN Alvey Directorate.
Tax-tOn

o om oso mo too ~ewae5. REFERENCES

1.t1cw rO dw% Gin) 1Cc 1. Nulman J, Krusius J P and Rathbun L, IEEE

Proc. of IEDM, 1984, p169-172

RTN dielectrics contain a higher density of 2. Ekstedt, T W, Wong S S, Strausser Y E. Amano

neutral traps than the thermal oxides. This J, Kwan S J and Gronolds H R, Proc INFOS 83,
results in flatband voltage shifts which are a Elsevier Science Publishers BV. pp189-193

factor of -8 greater than in the thermal 3. Nicollian E H and Brews J R, NOS Physics and

oxides. Consequently, MOSFETs fabricated with Technology, New York J Wiley and Sons 1982

RTN dielectrics, although gaining resistance to 4. Fischetti M V, J. Appl. Phys. 56, 1984,

subthreshold slope and gain degradation, are pp 575-577

expected to be less resistant to threshold S. Jayaraman R, Yang W, and Sodini C G, Proc.

voltage shift than equivalent thermal oxides. IEEE IEOM 1986, pp668-671

These results are in agreement with previous

836



I,5

A3.2.3

ELECTRICAL CHARACTERISTICS AND RELIABILITY OF THIN OXIDE-NITRIDE-OXIDE STACKED FILMS

L. Do Thanh and P. Balk

Institute of Semiconductor Electronics
* Aachen Technical University, D-5100 Aachen, FRG

Electronic conduction, charge trapping and dielectric breakdown have been studied
on thin stacked layers of SiO 2 -Si3N4 -SiO 2 with Al or poly-Si gate on Si. These
structures appear to combine the attractive properties of Si0 2 and Si3N4 single
layers as long as they are operated at fields below 5 MVcm "I .

I. INTRODUCTION 3. RESULTS AND DISCUSSION
Storage capacitors for dynamic RAMs of 4 Contrary to high frequency CV curves of MIS

1Mbit and beyond require very thin insulator capacitors with single Si 3N4 films those of

films to obtain sufficiently large capacitance structures with stacked dielectrics do not show

at small cell size /I/. The use of single Si0 2  hysteresis. This indicates that low field

or Si3N4 films would lead to measurable conduc- charge injection does not occur. The fixed

tion at the thicknesses and fields needed for charge is negligible (< 2xl0 1 0 cm 2 ) and the

this application /1,2/. Stacked Si02 -Si3N4 -Si02  interface trap density in the low 1010 cm 2 eV
"1

triple layers appear to be a promising alterna- region. For all samples and both polarities

tive /3/ since they would combine the advan- fields > 5 MVcm 1 are necessary to reach an

tages of Si3 N4 layers (large breakdown field injection current level > 10-8 Acm "2 . At a given

strength, excellent wear-out behavior /4/) with field the current is several orders of magni-

those of SiO 2 layers (high barriers for carrier tude lower than in single Si3N4 films. Like for

injection and low trap density at Si-SiO 2  SiO 2 -Si3N4 double layers with oxide films over

interface). Results on the properties of such 5 nm thick /5/ the dominant carriers are proba-

stacks are the topic of the present contribu- bly electrons. In this study the fields were

tion. calculated by subtracting the flatband voltage

from the gate voltage and dividing the result

2. EXPERIMENTAL by the equivalent Si02 thickness, i.e. the SiO 2

MIS capacitors were prepared on p- and n- thickness which yields the same capacitance as

type 0.1 cm (100) Si wafers. First a thin (6 the stack. The current at positive gate voltage

to 9 nm) SiO 2 layer was thermally grown (02, is always the larger one; it increases more

9000C) or deposited (N20-SiH4 , 250
0 C, PE-CVD). strongly with field than the current at nega-

A Si3N4 film was deposited next (10 to 11 nm, tive gate. This suggests stronger electron
SiH2 Cl2 -NH3 , 825°C, LP-CVD). The top oxide trapping in the latter case. It may be expected

layer (7 nn) was obtained by thermal oxidation that the potential well nature of the triple

(wet 02, 9000C) or deposition (PE-CVD). Gate layer structure plays an important role in the

electrodes were Al or P-doped poly-Si. Finally, trapping. vi

all samples were annealed at 4000C in N2 for 2A

min.
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Breakdown field strengths for stacked inau-

lator structures with Al gate measured by 70.

stressing the samples in accumulation using a 60

fast ramp are shown in fig. 1. The mean 50.

destructive breakdown field is > 10 1Vcm
"1 . 40

Samples two PE-CVD SiS 2 layers yield a din- 30.

tinctly broader distributions than those with lo.

one or both SiO2 films prepared by thermal co 0
oxidation. Tight distributions with somewhat 0 4 6 6 0 12 14 16 18

lower moan breakdown fields were obtained with Breakdown field in MV/cm

poly-Si gate samples using thermal oxides (fig.2). FIGURE 2
2).

Breakdown histograms of poly-Si gate structures
with stacked insulators on p-Si substrate (V5
negative); sample: poly-Si gate - therm. SiO2
(6.3 ra) - Si3N4 (6.3 nm) - therm. SiS2 (8 inm)

60 0) - p- Si.

50 Wear-out properties of MIS systems with
u0h stacked insulators were studied by stressing at

30 constant current. Charge trapping during this0I
20, process was monitored by measuring the shifts

|0 of the gate voltage and the flatband voltage.
0 . . . . The data in fig. 3 show that for both polari-

0 2 / 6 8 0 12 1/ 16 18 ties the gate voltage must be increased to keep

Breakdown field in tV/crn the current constant, which indicates the cap-

ture of negative charge. However, the change in

gate voltage at negative gate is larger than at

positive gate. Similar results are obtained for

2the flatband voltage. These results appear to

S20 indicate again that more negative charge is

captured at negative than at positive gate~15
a polarity. The centroid of charge must be lo-

10 cated closer to the substrate than to the gate
5 because the flatband voltage shift exceeds that

0 of the gate voltage.
For larger injected charge densities at

Breakdown field in MV/cm
negative gate polarity the flatband voltage

shift turns around, indicating the build-up of
FIGURE 1 positive charge. This effect has also been

Breakdown histograms of Al gate structures with reported by other authors /6/. At these condi-
stacked insulators and p-Si substrate (Vg nega- tions the density of interface traps was
tive); samples:
a) Al-therm. Si0 2 (6.3 na) - Si 3 N4  (7.4 observed to increase. A larger increase in the

in) - therm. SiO2 (6.0 nia) - p-Si interface trap density was found at positive
b) Al-PICVD S1O 2 (6.9 nm) - SL 3 1 4 (10 mm) -

PECYD Si02 (6.7 nm) - p-Si. gate polarity, even though the turn around
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al
Poly-si gate

2

-1.5

10.0

10 1 3 4

1.2 b)1 0"** 20
s  

1 3  
1 -

1.0 J IAcm-
2

08 AVFs FIGURE 4

a(6
Density of injected charge to breakdown vs.

(&V density of injected current; samples:
Q2 (o, 9): poly-Si - therm. SiO 2 (6.3 nm) - Si3N4

0 (6.3 nm) - therm. SiO 2 (8 ram) - n-Si0 0 08 12 16 2 (A,&): poly-Si - therm. SiO2 (2.9 rum) - Si3 N4
N.j(11 6cm 2 ) (8.2 rim) - therm. SiO2 (8 rum) - n-Si

(u,): poly-Si - therm. Si0 2 (6.3 nm) - Si3N4
(6.3 nm) - therm. SiO2 (8 hm) - p-Si

FIGURE 3 Open symbols: Vg positive; filled symbols: Vg
negative

Shift of flatband (AVFB) and gate voltage
(AVg) during constant current stressing of
poly-Si ate structures with a) negative (J- secondary injection of holes. At high currents
l0'5A/cm) and b) positive (J - 10-4A/cm 2 ) gate (high fields) the value of QBD decreases. The
polarity; samples: poly-Si - therm. SiO2 (6.3
nm) - Si3N4 (6.3 1m)- therm. Si02 (8 nM) - larger fields required to obtain a given cur-
Si (a) or n-Si (b). Note that in (a)4 Vg is rent density, as discussed earlier, are not
negative.

sufficient to explain the small QBD at negative

gate since even at the same magnitude of elec-
effect was not observed. It is likely that the tric field QBD is still considerably smaller

turn around at negative gate is caused by for this polarity.

secondary injection of holes from the Si sub- For Al gate samples similar trends were
strate due to field enhancement by electrons observed. Again, the highest QBD values were

trapped in the nitride. approx. 1 C cm "2 , but those for negative gate
We have shown in a previous study /4/ that bias were one order of magnitude lower than in

the density of injected charge (QBD) leading to the poly-Si gate case. The dependence on the
breakdown of LP-CVD Si3N4 films (approx. 104C current level is less than for poly-Si gates.

cm"2 ) is larger by several orders of magnitude The use of two PE-CVD SiO2 films reduces QBD
than that for thermal Si02 films (approx. 10 C also for positive stress voltage to below 101

cm'2). For stacked dielectrics QBD only attains C cm
"2

. It is interesting to note that the use
a value of approx. 1 C cm " 2 

in some cases, but of a very thin top electrode does not affect

is often considerably less. Wear-out data on QBD, as shown for poly-Si gate samples in fig.

poly-Si gate samples with stacked insulators 4. Injection of holes from the gate at positive

(fig. 4) show that QBD is systematically larger gate polarity should be possible in this case

for positive than for negative gate voltage. We /5/. Hrwever, these carriers would not be able

suggest that the low QBD values in the latter to leave the potential well and reach the Si-

case may be related to the above mentioned S102 interface.
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A3.2.4

TRAPPING PROPERTIES OF VERY THIN NITRIDE/OXIDE GATE INSULATORS

J.Y-C Sun, M.Arienzo, L.Dorit, and K.Stein

IBM Thomas J.Watson Research Center,
P.O.Box 218, Yorktown Heights, N.Y. 10598, USA

The trapping properties of very thin nitride/oxide (1O-14nm equivalent SiO1 2) compos-
ite gate insulators and their dependences on gate materials and process conditions are re-
ported. Electron trapping and flatband voltage turn-around effects are more pronounced
in these films than in thermal sio. They both appear to be dominated by water-related
species in the bottom oxide layer when the top nitride layer Is thin, similar to the case of
thermal SiO2 only. For VLSI CMOS applications, trapping and instabilities in the
nitride/oxide gate insulator can be minimized by (i) reducing the thickness of the top
nitride layer, (ii) using polysilicon gates with proper work functions, and (iii) using ap-
propriate high-temperature dehydration steps after polysilicon gate deposition.

1. INTRODUCTION 2. EXPERIMENTAL
High integrity nitride/oxide composite gate The nitride/oxide (NO) composite gate insulator

dielectric structures have received high technological consists of a thin (4 -7 nm) LPCVD nitride layer on
interest as potential substitutes for Si0 2  in top of a thermally grown thin oxide (8-9 nm) on a
VLSI-IGFETs and memory devices such as DRAMs <100> Si substrate. The LPCVD nitride was depos-
and non-volatile memories [1-3]. Such multilayered ited immediately after the oxidation. The nitride de-
gate dielectric structures with a thin nitride film (< position rate was reduced by increasing the ratio of
5 nm) on top of 8-10 nim of SiO2 offer enhanced dif- ammonia to dichlorosilane to provide good thickness
fusion resistance, higher process tolerance, tight control.
spread on breakdown field as well as breakdown N and P channel IGFETs with either thermal oxide
charge density distributions, and lower drain-hot (OX) or the composite insulator (NO) were fabri-
carrier induced VT shifts [2,3]. Moreover, the good cated without threshold-adjust ion implantation. The
interfacial properties of silicon dioxide on silicon are background (substrate) doping is 8x 1015 cm 3 for the
preserved, n-channel IGFET and 8 x 1016 cm-r for the p-channel

However, charge trapping in the top nitride layer IGFET, respectively. The polysilicon gate was de-
has been one of the major road blocks to the success generately doped to n-type for n-channel FETs and
of such gate insulators (2]. The goal of this work is p-type for p-channel FEs respectively, by the
to study the trapping properties of such thin gate source/drain Ion implantation and drive-in [4].
insulators. New insights into the gate material and Nitride thickness was evaluated by ellipsometry,
processing dependences of charge trapping in thin using a double-absorbing-layer program. The meas-
nitride/oxide composite gate insulators are obtained, ured refractive index was 1.9, which indicates the
which is crucial to the succesful application of such non-stoichiometry of this very thin nitride film. To

* insulators in VLSI CMOS. characterize the trapping properties of the NO struc-

ture, two low-field charge injection techniques have

t Permanent address: CNR-Instituto LAMEL, Via Castagnoli, 1 - 1-40126 Bologna, Italy

841



been used: a) avalanche electron injection performed the positive charge can be obtained by subtracting the
on MOS capacitors, with the substrate implanted curve corresponding to the injection at 293*K from
with boron, as reported in [5] to obtain a uniform in- that at 3730K. In agreement with [8], a very small
jection. In this case the polysilicon gate was either positive charge trap is found. Its cross section (10-18
As in situ doped with no heat treatment after cm2) is comparable to that of the anomalous positive

polysilicon deposition, or As ion-implanted and fol- charge (APC) trapping in Si0 2 [91. The density of
lowed by a rapid thermal anneal at 1000°C for 6 sec; this small trap is high, roughly 1012 cm-2, in NO

and b) refined substrate hot electron (hole) injection structures with RTA polysilicon gate electrodes (case
technique on IGFETs devices [6]. 3).

In contrast, no turn-around phenomenon was ob-
3. RESULTS served on NO structures with a 4 nm top nitride layer

Fig. 1 reports VF shift as a function of injection during substrate hot electron (SHE) injection in
time for 4 nm nitride on top of 8 nm SiO 2, and, as a IGFET devices as shown in Fig. 4, where VT shift is

reference, for 10 nm SiO 2 alone. The trapping prop- reported as a function of injected charge. It is clear

erties of the composite insulator are significantly dif- that electron trapping increases with the thickness of

ferent from those Of SiO 2 only. In fact, the 10 nm the top nitride layer. Further, in Fig. 4, the VT shift

oxide exhibits a small VF shift with a saturation in the case of a MOSFET with a polysilicon gate
value (= 0.35 V), in agreement with the t. depend- electrode and 10 nm of SiO 2 is very small and much

ence of the VFB shift as reported by Young et a. [71 less than that of the MOS capacitor with an alumi-

for dry oxides down to 20 nm. On the contrary, the num gate electrode. As far as hole trapping is con-

NO structure has a higher trapping efficiency. Fur- cerned, under substrate hot hole (SHH) injection the
ther, VF1 shift as a function of injection time shows NO structure exhibits a lower VT shift than the 10 nm
a quick turn-around a few seconds after the injection oxide.

is started.

The amount of electron trapping and VFB turn- 4. DISCUSS[ONS
around in NO films depends strongly on gate As seen in Fig.1, there is much more pronounced

electrode materials as well as processing conditions electron trapping and VFB turn-around in the NO
after the NO gate insulator is grown. Such depend- composite insulator than in thermal Si0 2. Undoubt-
ences are shown in Fig. 2, where three different cases edly, higher electron trapping efficiency is the char-

are compared: (1) aluminum gate, (2) arsenic in situ acteristic of LPCVD nitride films which tend to be
doped n + polysilicon gate without any subsequent not as dense as thermally grown films.
high temperature processing, and (3) arsenic ion- On the other hand, it is well known that electron

implanted polysilicon gate with subsequent rapid trapping in thermal Si0 2 is enhanced by the presence
thermal anneal (RTA) at 1000°C for 6 seconds in dry of water-related species [10]. The electron capture

nitrogen. Among these three, case I (Al-gate) has the cross sections of water-related traps are typically in

most electron trapping and Vp8 turn-around effect, the range of 10-17 to 10 -1 cm 2 [10]. Analyses of the
while case 3 (000C RTA) has the least. 1500C injection data in Fig. 3 show that the capture

To eliminate the turn-around effect (see Fig. I and cross section of the dominant electron trap in these
2) and to study the electron traps alone, the substrate very thin NO films is roughly 10-17 cm 2, in agreement

temperature during injection should be increased over with that of the water-related traps in the thermal

323°K. The results are summarized in Fig. 3, where Si0 2. Since hydrogen and/or water is naturally pres-
VF, shifts as a function of injection time at different ent in the LPCVD nitride process ambient, the in-

temperatures are reported. From this plot, informa- corporation of water-related species or hydrogen in

tion about the centers responsible for the trapping of the underlying Si0 2 film during the initial period of
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thin nitride deposition Is very likely. We therefore It is clear from Fig. 2 and 4 that electron trapping

believe that the increased number of water-related as well as the Vpm turn-around effect in such NO
traps in the bottom oxide layer due to nitride deposi- composite insulators can be minimized by reducing

tion is another major contributing factor to the en- the thickness of the top nitride layer and by using
hanced electron trapping In the composite NO polysilicon gates with subsequent high temperature

insulator. The reduction of electron trapping with anneals in a dry inert ambient. In this respect, thin
polysilicon gate electrodes and subsequent high tem- top nitride layer not only reduces the trapping in itself

perature anneals in a dry inert ambient (Fig. 2.) is but also allows the dehydration process of the bottom

consistent with the dehydration of the bottom ther- oxide layer to proceed during polysilicon deposition
mal oxide. Besides, the high temperature anneal can and subsequent high temperature anneais.
also densify the nitride and thus reduce the electron As far as hole trapping is concerned, net hole trap-

trapping in the top nitride layer. ping or negative VT shift during substrate hot-hole

There are two factors contributing to the V" injection appears to be less in the NO film than in
turn-around effect in the nitride/oxide composite thermal SiO 2 as Fig. 4 indicated. This could be due

insulator. The first one is hole injection from the gate to the injection and trapping of electrons from the

electrode into the nitride layer via trap-assisted gate electrode in the top nitride layer and the recom-

tunneling [3], followed by subsequent trapping of in- bination of trapped holes with injected electrons.

jected holes in the nitride. This effect has been

known as the threshold voltage instability under dc $. CONCLUSION
gate bias [3,4]. However, the magnitude of the nega- The trapping properties of very thin nitride/oxide

tive V., shift under dc gate bias [3] is not sufficient composite gate insulators have been established by
to account for the large Vvs turn-around effect ob- two low-field charge injection techniques: avalanche

served during avalanche electron injection. The sec- electron injection (for the first time), and refined

ond and perhaps the dominant factor in VF substrate hot-electron (hole) injection. Electron

turn-around is the same anomalous positive charge trapping and flatband voltage turn-around effects are

generation that was observed in thermal oxide alone more pronounced in these NO films than in thermal
[7,8]. In fact, the dependences of electron trapping SiO 2. Electron trapping in the nitride dominates the

and V,, turn-around effects in the NO film on gate flatband or threshold voltage shift when the top
materials and processing conditions (Fig. I and 2) nitride layer is thick (>7 nm). In contrast, water-
follow exactly the same trend as those of thermal related traps in the bottom oxide become more irn-

SiO2 [II]. The elimination of the turn-around effect portant when the top nitride layer is thin (4 nrm).
during injection at elevated temperatures (150"C, However, trapping and instabilities in these NO gate

Fig. 3) is also identical to that of thermal SiO 2 [7,8]. insulators can be minimized for VLSI-CMOS appli-
These similarities strongly suggest that the Vp, turn- cations by (i) reducing the thickness of the top nitride

around effect in the NO film during avalanche layer, (i1) using polysilicon gates with proper work
electron injection is most likely dominated by the functions, and (iii) using appropriate high temper-

anomalous positive charge generation in the bottom ature anneals after polysilicon gate deposition.

oxide layer. Although there are many models pro-

posed to explain the origin of the anomalous positive ACKNOWLEDGMENTS
charge, for example, a notable one is donorlike sur- We Than D. i ng supRori, an Che,

face states [11], there is little doubt that it is en-

hanced by water or hydrogen incorporation in the Yorktown Silicon Facility for processing support.

oxide [7,11]
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Fig. 1. VFB shift as a function of injection time at room Fig. 3. VFB shift as a function of injection time at different
temperature for the 10 nm SiO 2 (OX) and 4 nm nitride + temperatures for the 4 nm nitride + 8 nm oxide (NO)
8 nm oxide (NO). Current density 1.93x 10-5 A/cm2 . composite insulator with As ion-implanted n+-poly gate
Gate material = Al. annealed (RTA) at 1000C for 6 sec. Current density =

1.93 x 10-5 A/cm2 .
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Fig. 2. VFB shift as a function of injection time at room Fig. 4. VT shifts due to electron and hole traps in FETs
temperature for the 4 nm nitride + 8 nm oxide (NO) with various insulators measured by a substrate hot
composite insulator with different gate materials and sub- electron (hole) Injection method: NO1 = 7 nm nitride +
sequent anneals. Curve 1: Al gate; Curve 2: As in situ 8 nm oxide; N02 - 4 nm nitride + 8 nm oxide; OX = 10
doped n+-poly gate without anneals; Curve 3: As ion- nm. SiO 2 . The polysilicon gate electrode was annealed at
implanted n+-poly gate annealed (RTA) at 1OOOC for 6 high temperature (> 900C) Subscript e electron in-
sec. Current density - 1.93x 10-5 A/cm2 . jection; subscript h = hole injection. t
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ELECTRON AVALANCHE INJECTION IN THIN NITRIDED 8102 FILMS

Maurizio SEVERI& Maurizio IMPRONTA and Marco BIANCONI

CNR - Istituto LAMEL, Via Castagnoli 1, 40126 Bologna, Italy

Electron avalanche injection has been used to study charge trapping in thin (10-30
nm) ammonia-annealed silicon dioxide films as a f.fftiol of process conditions. While
electron traps (with a cross section of - 10 ca ) increase with nitridation
temperature and time, the generation of interfacial positive charge ("turn-around ef-
fect") is greatly reduced or totally eliminated under severe nitridation conditions.

1. INTRODUCTION 2. EXPERIMENTAL

Amonia-annealed (nitrided) silicon dioxide Al gate MIS capacitors were fabricated on

films have been recently investigated as an p-type <100> silicon wafers of (1-2)xlO
17 

cm
"3

alternative to thermal SiO 2 for thin gate doping. For 10 am films, boron implanted

insulators and for tunnel dielectrics /1/. The substrates were used to obtain the optimum

replacement of oxygen by nitrogen atoms brings surface impurity concentration (- 5x1017 cm
3 )

about many modifications of the electrical for uniform injection /8/. The B
+ 

ion implan-

properties of the films, which are closely tation conditions used were 6x10 cm at 20

related to the spatial distribution of the keV + 1.5x1013 cm
"2 

at 70 keV. Oxidation was

nitrogen. This, in turn, depends on the performed in a standard furnace at 9000C in

nitridation conditions /1,2/, postnitridation dry 02. SiO2 layers of 10-30 rm were grown and

treatments and initial oxide thickness. It has in-situ annealed at the same temperature in N2

been reported that the nitridation improves for 10 min. The oxide thickness was measured

several characteristics of the insulator by ellipsometry. Nitridation was carried out

/3,4/. However, the electron trapping in at temperatures between 800-1100*C in ultra-

nitrided films increases as compared with pure ammonia gas at atmospheric pressure in a

conventional oxides /5,6/. On the other hand, cold wall RF-heated reactor. Some samples

there is disagreement concerning the characte- received a postnitridation annealing in N2 at

ristics and the origin of these traps. Capture 1000C or in 02 at 950*C for 15 min to obtain

cross section of both lxl0
- 17 

/5/ and IlIO
-
14 ONO films. Al-Sate capacitors were formed by2

ca /6/ have been reported from avalanche s-gun evaporation through shadow mask with 0.6

injection experiments. In /5/ the traps were mm dots. After back-oxide stripping, Al was

ascribed to an increase of the OH content in deposited for substrate contact. Finally, the

the nitrided films. Moreover, a detailed study samples received a post-msetallizatIon anneal

of the generation of interfacial positive in N2 at 450"C for 20 min.

charge during electron avalanche injection Electrons were injected from the substrate

("turn-around effect" /7/) in nitrided oxides into the dielectric using the avalanche teach-

is still lacking. In this work we present a nique /9/. The surface was driven into deep

trapping characterization of thin (10-30 nm) depletion by applying a 30 kfz sawtooth volt-

nitrided SiO 2 films upon electron avalanche age. A feedback circuit keeps the average

injection as a function of process conditions. Injected current at a constant value (10-
7 
A).
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The oxide charge buildup was monitored by 12 ! ,
periodically interrupting the injection and 12n

performing a fast C-V measurement. From the

shift of the flatband voltage V FBwith time, t8 -300nm

the electrical trap parameters were determined

by computer analysis of the data by assuming

that electron trapping Is a first-order 4

process end that no detrapping takes place. I _ _ ---------------

u 0

3. RESULTS AND DISCUSSION 0 4 8 12 16 20

The effect of the nitridation conditions on 
TIME [l 2secI

the charge trapping is shown in Figs.I and 2 FIGURE 2

for 30 nm iO2 films. The flatband voltage

shift AV is reported as a function of the Effect of nitr1~ation tine on the charge trap-FB ping. I lx O A.
injection time for films that were annealed in

ammonia at various temperatures for a fixed does not seem to be related to OH or 20 de-

time (30 min) (Fig.1), or for different times fects, but it is probably due to nitrogen

at a fixed temperature (9000C) (Fig.2). As ex- itself. In fact, it has been shown that group

V impurities (NPAsSb) can act as electron

traps when they occupy oxygen sites /10/.
w5 -30 nr

L_ H.XOO'C 6

. 1100 ,._ I1-10-7A NH3, 900c,3min

NH 900C E AVFB at 100 sec
>o 3.8 0 C 4

S - 4

TIh* [seci LL

FIGURE 1 0 0 10 20 30 40
Effect of nitridation temperature on the tox [nm]
charge trapping by electron avalanche injec-
tion at room temperature.

FIGURE 3

pected, a large increase in electron trapping AV FB/tox vs tx for films nitrided at 900°C.

is observed after nitridation. The density of

the electron traps increases with nitridation Fig. 3 shows 4 VFB (taken after 100 sec)

temperature or time. The average nitrogen divided by the oxide thickness, tox, for

concentration also increases for more severe samples with different t nitrided at 900"Cox
nitridation conditions /1.2/. Moreover, the for 30 min. The trapping rate varies approxi-

dominant electron trap has a capture cross mately as the square of the oxide thickness,

section of _ 6-16 cm2 , which is larger than which suggests that the traps are uniformly

that attributed to water-related centers in distributed throughout the nitridd oxide. A

oxide (10"17_10 "18 cm2 ). Therefore, this trap similar conclusion has been reached in /5/ on
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the basis of photo I-V measurements. electron trapping has been recently reported

The most interesting results of this work, for HC1 oxides /14/ and it has been suggested

however, are those related to the turn-around that the presence of chlorine at the interface

effect. As can be seen in Figs. I and 2, the would reduce the oxygen dangling bond density

generation of positive charge at the insula- due to the formation of chlorine-oxygen bonds.

tor-silicon interface may be present also in We found that the generation of fast inter-

nitrided oxides depending on the nitridation face states during the avalanche Injection, as

conditions. Only under severe nitridation revealed by the deformation of quasi-static

conditions (> 1000C or > 120 min) the pool- C-V curves, is also greatly reduced in nitrid-

tive charge generation is greatly reduced or ed films which do not show the turn-around

eliminated. Notice that this happens in films effect. A similar reduction in the generation

with high density of electron traps. This is of radiation-induced interface states has been

quite surprising, since the generation of the reported for nitrided films that have been

interfacial positive charge in conventional through severe nitridation conditions (11006C,

oxides has been usually correlated with 6h) /15/. Nitridation also reduces the density

electron trapping /7/. Apparently. there are of high field generated traps /4/. All these

some competing effects which control the Sen- effects are probably related to the presence

eration of positive charge in nitrided oxides. of a sufficient amount of nitrogen in the

At low nitridation temperatures or for short strained layer near the interface.

nitridation times, the generation of positive The dependence of the turn-around effect on

charge is more efficient than in standard the initial oxide thickness further supports

oxides due to the increase of the electron the role of the nitrogen near the interface.

traps and the lowering of the hole barrier at

the metal-SiO2 surface (which has been shown 0

to increase the turn-around effect /11/). For C. E-7 A

more severe nitridation conditions, however, 3  '

S_ the nitrogen concentration near the interface L'U o 0 nm

increases /1,2/ at such a level that the die- 0
it LL
lectric structure becomes more resistant to

interfacial damage. The mechanism by which 0

this happens is not clear. We can only specu- 9 0

late, as suggested in /4/, that nitrogen, due

to different bonding requirement, may impede 2.00 6. 00 10. 00 14. 00 18. 00
the relaxation after breaking of strained Si-O TIME [sec) *I0 2

bonds. The effect of nitrogen could also be

due to changes in the film stress which can FIGURE 4kaffect the Interface state generation by a

modification of the denaity of the strained AV is a function of electron avalanche in-
jeflon time for 30 and 10 om films nitrided

Si-O-Si bonds near the interface /12/. In at 900"C for 30 min.

fact, it has been shown that it is possible to

tailor the N concentration in deposited oxyni- FIg.4 shove the charge trapping behaviour of

trided films in such a way to obtain film and 30 and 10 nm films nitrided at 9000C for 30

substrate stress-free /13/. It is interesting min. The positive charge generation is practi-

to underline that a reduction of positive cally eliminated in the 10 no film. A qualita-

charge generation along with an increase of tive connection with the fact that nitridation
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of thicker films results in a lower concentra- case dependence of the turn-around effect

tion of nitrogen in the interfacial region /2/ suggests that the nitrogen near the interface

may be made. Notice that in this case the is the main responsible for this effect.

suppression of the positive charge generation

is also favoured by the concomitant reduction ACKNOWLEDGEMENTS

in the electron trapping. We wish to thank P.Negrini, G.Pizzochero,

S.Guerri and P.Castelli for their assistance

in sample preparation.
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DEPOSITION and PASSIVATION PROPERTIES of PLASMA CVD AiN FILMs on GaAs
using METALORGANIC Al SOURCE

Fumio HASEGAWA, Tsuyoshi TAKAHASHI, Kiyokazu KUBO,*Seinosuke OHNARI*,
Yasuo NANNICHI and Toshiaki ARAI*

Institute of Materials Science, *) Institute of Applied Physics,
University of Tsukuba, Tsukuba Sciebce City, 305 JAPAN.

Deposition conditions of plasma CVD AIN films were optimized, and the deposited
films were examined as passivation films for the heat treatment of GaAs. It was
found that when the AIN/GaAs was annealed at 850'C for 15 min. in H2 atmosphere, the
film was more oxidized than when it was annealed in Ar atmosphere. Correponding to
the oxidation, the surface carrier concentration is more decreased for the AIN/GaAs
sample annealed in H2 atmosphere. Raman spectroscopy indicated that quite amount of
stress was induced at the interface of AlN/GaAs when it was annealed in H2 , and TO
phonon which is inhibited on (100) surface was observed. When the AlN/GaAs was an-
nealed in Ar atmosphere, the Raman peak shift due to the stress and the TO phonon
was not observed. These results suggests that the PCVD-AIN is a good passivation
film of GaAs when it is annealed in Ar atmosphere.

I. INTRODUCTION In the previous paper, we demonstrated for

III-V compound semiconductors represented by the first time that amorphous AIN film can be

GaAs have superior properties to Si such as a deposited by the plasma CVD[4]. In this paper,

high electron mobility, direct band gap and pos- we would like to present the first report on the

sibility of heterojunctions. However, one of the passivation properties of these PCVD-AlN films.

biggest drawbacks of the compound semiconductors It was found that if the deposition condi-

is that a good insulating or passivation film, tions are optimized and the annealing is per-

such as S102 for Si, has not been available so formed in Ar atmosphere, the PCVD AIN films can

far. Therefore, the GaAs MISFET has not been be used as a good passivation film of GaAs.
successful. Passivation films for annealing

after the ion implantation still have some 2. DEPOSITION SYSTEM and DEPOSITION CONDITIONS

problems such as Ga out diffusion into Si02 film 2.1. Deposition system

or stresses between SiN x film and GaAs(1,2]. A commercially available, parallel electrode

On the other hand, there are some wide plasma CVD system, ANELVA PED-301, was used by

bandgap III-V materials which might be possible modifying the gas control unit. The schematic

to be used as an insulator or as a passivation diagram of the deposition system is shown in

film for GaAs. AIN seems to be most suitable Fig.l. The TMA --AI(CH3 )3 -- was supplied to the

material because it has a bandgap of 6.2 eV and chamber through the upper electrode with H2 car-

the same expansion coefficient as GaAs. rier gas. The NH3 was supplied from the side

Actually, it is reported that sputtered AIN wall of the chamber in a separate gas line from

could be used as a good passivation film of GaAs the THA. When they are mixed in the same gas

for the annealing after ion implantations[31. control unit, they react to make something white

However, plasma CVD generally gives less damage and stuffs the gas line as described in the pre-

on III-V materials than the sputtering. vious paper(4].
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The temperature of the THA bubbler and thel O0 SOO0

flow rate were changed from 16'C to 25'C and

from 10 to 50 cc/in., respectively, but typi- 80 TMNJH2 -400 E
NH3 60 CCM

cally the bubbler temperature of 16'C and flow 60 10OW .300

rate of 40 cc/min, were adopted. The NH3 flow 00Torr

rate was changed from 10 to 60 cc/min. Pressure 40 200

of the chamber was kept at 1.0 - 2.0 Torr. The 20 100 :

substrate temperature was typically 3OO'C, and 0 .

the rf power was varied from 20 to 25OW. C 0.
2.0-

.a' 1.8

0 10 20 30 40 50 60

H2 RF P TMAI FLOW RATE (ccimin)

Fig.2, Dependence of the deposition rate,
N2 3 -- etching rate and refractive index on the

OMNH3 R. ThA flow rate.

Fig.l, Plasma CVD system for the A1N depo- the interface. The AlN films were deposited on

sition with ThA and NH3 . the GaAs substrates in nearly the optimum condi-

tions (ThA/H2 ;16'C/40cc, NH3 ;60cc, rf power;20W,

Ts;30O'C), and were annealed at 850'C for 15
2.2. Dependence on the ThA and NH3 supply mmin. in H2 or in Ar atmosphere. Composition

Figure 2 shows the dependence of the deposi- profiles were measured by sputtering Auger

tion rate, etching rate and refractive index on Electron Spectroscopy (AES). Stress at the

the supply of THA. The etching rate was measured AlN/GaAs interface was estimated by Raman

by 30'C phosphoric acid (H3P04 ), and the refrac- spectroscopy.

tive index was measured by an ellipsometry. The 3.2. Change of the deposited AIN films

deposition rate and the etching rate increase by the heat treatment (annealing)

with increase of the ThA supply. The refractive Figure 3 shows the composition profiles of an

index decreases from nearly 2.0 to 1.85 with in- AIN/GaAs structure after the heat treatments in

crease of the THA flow rate from 20 to 50 H2 or in Ar atmosphere. The M content was about

cc/min.. There was no dependence of the deposi- 2/3 of the Al content, but this film gave better

tion rate on the NH3 flow rate. These results passivation characteristics than the one whose

indicate that the deposition rate is determined Al/N ratio was 1.

by the supply of Al and a better film is ob- When the 3ample was annealed in Ar, change of

tained for a higher NH3/THA ratio, the composition profile was not detectable, but

for the sample annealed in H2, the oxygen con-

3. PROPERTIES an a PASSIVATION FILM tenc increased to about 10 and the N content

for GaAs ANNEALING decreased slightly. This result is contrary to a

3.1. Samples and experiments comon sense, because H2 is generally thought to

Si doped conductive LEC GaAs (n-6x016 cm- 3 ) prevent oxidation of the sample. One possibility

was used as the substrate to see change of the is that oxygen in the H2 gas converts to H2 0,

surface carrier concentration and the stress at and since H20 molecule is mailer than 02
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molecule, the H20 goes into the AIN film and

oxidize the Al. TMA 16C 40ccm
o~NM 60ccrmThere is no indication of Ga or As out diffu- IOOW

sioa into the AIN film after the annealing, 2.0Torr

which is a serious problem of SiO2 passivation - 100 . \ H2

films on GaAs. In that sense, the PCVD AIN film
is better than at least SiO2 as the passivation Ar.-.

film of GaAs. .

w S

70 " ",'

Al~~ 1.9r h

so- ~1.8 A
N Ref, 450 550 650 750 80

Anneaing Twirperature ( C

0 0H annam! ',Fig.4, Dependence of the etching rate,
U trefractive index on the annealing

10 temperature.

0 5 10 15 20 3.3, Change of the carrier concentrations
SPUTTERING TIME ( rin. )

of the GaAs surface

Fig.3, Composition profiles of the AlN/GaAs Figure 5 shows the carrier concentration

structure after the annealing in H2 or in profiles of the GaAs surface before and after
Ar atmosphere, the heat treatment with the AIN passivation

film. When the ambient gas is H2 , decrease of

the surface carrier concentration is observed,

Figure 4 shows changes of the refractive in- W0
7

dex and the etching rate with 30'C H3 PO4 as a

function of the annealing temperature. The an- A,

nealing time is 30 min.. The deposition condi- aow0

tions of the film are listed in the figure. The z _00 ° °

etching rate decreases very quickly with in- H2

crease of the annealing temperature, and
Z

saturate at temperatures of more than 700'C. "J AN ( PCVD)

This fact should mean that the film becomes much 0 GaAs (Si doped LEC)
denser by the heat treatment, but the refractive

index does not seem to increase by the &W C 15mn.

annealing. This is probably due to low accuracy 6

of the measurement of the refractive indexes. 0 0 0

There is no difference of the property change by 0 0.1 0.2 03 0.4 0.5

different ambient gases during the annealing, DEPTH

even though the films were more oxidized in the Fig.5, Change of the surface carrier density A
H2 atmosphere. profile by the anneling in H2 and in Ar.
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but for the anneliM in Ar. the carrier con- on (100) GaAs surface, this fact means that the
centration profile is almost, the same as that of surface of this sample is slightly disordered by
the as grown one. This fact also indicates that the heat treatment. Furthermore. the peak die to
Ar is a better atmosphere for the annealing of LO phonon is 290.1/cm, which is shifted from the
the AlN/GaAs structure, as-deposited one by 1.4/cm. According to Car-

3.4. asaan spectra of the annealed AIN/GaAs deira et al.'s results[6], this shift means that
It is reported that the stress at the pas- there is stress of about 1010 dyn at the

sivation film-substrate interface can be es- interface. This large stress at the interface
timated from the shift of Reman spectrum[5]. In must be related with the facts that the AlN film
order to see the stress at the AlN/GaAs is oxidized, and the surface carrier density is
interface, Raman spectra of the annealed samples decreased by the annealing in H2 atmosphere.
in H2 and in Ar atmosphere were measured. The
6471A line of Ar laser was used for the excite- Acknowledgments
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B3.2.2

AN INVESTIGATION OF DEEP LEVELS IN GaAs FETs BY SELECTIVE DE-EXCITATION
OF THE DEEP DONOR LEVEL EL2

J. MADDEN, M.R. BROZEL, A.R. PEAKER, 0. ASHCROFT*
Department of Electrical Engineering and Electronics and the Centre for Electronic Materials,
University of Manchester Institute of Science & Technology, P.O. Box 88, Manchester.M60
1OD. England.

A modified photo-FET technique is presented where the Idss photoresponse before and after
EL2 quenching is measured. The technique has been applied both to ion-implanted FETs and
to VPE grown devices with buffer thicknesses ranging from 0.7 ;m to 3 pm grown on
chromium-doped substrates. The removal of the EL2 contribution to the photoresponse leads
to a modification of the charge states of the remaining deep levels whose presence can be
detected by examinn the difference between the quenched and unquenched Idss spectra. In
the case of VPE FETs, a minimum buffer thickness to avoid chromium diffusion problems can
be established.

1 INTRODUCTION
It has been known for some time that ion-implanted is EU. This native defect is

certain defects in GaAs FETs can be revealed believed to be a complex involving the arsenic
by observing the photoresponse of the Saturated antisite ASGa.
Drain Current at zero bias, Idss [1]. It is

generally accepted that such effects result from 2 EXPERIMENTAL
the extrinsic ionization of deep centres in the Amongst the deep level centres in GaAs
high resistivity region beneath the channel layer. FET structures, both epitaxial and
In many cases the photo-emission of carriers ion-implanted is EL2. This native defect is
from traps affects the channel width. Traps in believed to be a complex involving the arsenic
the active region can also be studied by Deep antisite AsGa.
Level Transient techniques such as DLTS and E2 centres exhibit the remarkable property
this allows centres to be studied and their of being rendered both electrically and optically
concentrations estimated [2,3]. inactive after irradiation by sub-bandgap light

However, the photoresponse is often at temperatures below - 120K [4-6]. It
complicated by different centres which are follows that any photoresponse of GaAs FETs
excited simultaneously and the spectrum is which involves EL2 can be modified if these
difficult to interpret. In this paper we present centres can be "quenched" in this way.
a modification of the photo-lds s technique Additionally, because EL2 is a deep donor,
where the dominant defect, EL2, is selectively modifications to the responses of other levels
and reversibly quenched. The photoresponse after quenching provides information about their
before and after quenching of the EL2 centres charge states.
allows an analysis of the residual defect energy The experimental arrangement is indicated in
levels to be made. Figure 1. The GaAs FET is held in a variable

temperature (77-500K) cryostat. The device can
2 EXPERIMENTAL be illuminated via quartz windows from a

Amongst the deep level centres in GaAs double grating monochromator and a quartz
FET stuctures, both epitaxial and halogen bulb. The wavelength range is from

* Plesey (Cowell) Ltd., Towcester, Northamptonshire. England.
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ab 08 thetbaOdedgeatO.85m to2s I dss

is displayed as a function of wavelength on an c 8

X-Y recorder. 41.

Light Source Monochrotor e

Crysttat S-0.... .
2.0 1.9 1.6 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9

WoveIength(um)

FIG 2 Variation of IOSS with wavelength for ion
implonted FET.before and after bleaching.

Motor Drift X-Y Recorder thin, nominally undoped buffer layer ranging in
FIG I Experimental arrangement.Bleaching light thickness from 0.7 $m to 3 $m on a Cr doped

source sate between monochromotr and cryostat. substrate. A sulphur doped epi-layer channel

Initially, the device is cooled to was then grown, followed by a silicon doped

approximaly 801L Changes in the spectral contacting layer. In thi case with a buffer

response of Ida are found to occur at thickness of 0.7 pm photo-quenching increases

wavelengths shorter than about 1.6 ^m at Id around 1.6 sm by nearly 60%

longer wavelengths there is little or no It was found that the photosensitivity of

response. This spectral response is totally these FErs varied markedly with buffer

reproducable and there is no evidence of thickness and this has been correlated to out-

changes being induced due to quenching of diffusion of Cr into the buffer layer [7-91.

1.2. However, after the PEr is iluminated x 0.

with the strong light from a naked incandescent 
80K

bulb, placed near the cryostat, the spectrum is a 4otmodified. 9 a
The new spectral response is stable at ,-2o

temperatures below lOOK, but recovers to the 0 Woe'

previous, non-quenched state once the S -so

temperature is raised above 120K. This -100.

behaviour is a well-accepted characteristic of 2.0 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9
Waveleth(um)

the EL2 centre.

Figure 2 shows the 80K photoresponse FIG3 Variation of lOSS with wavelength for lE FET
before and after quenchig i*The PET is euw ,l

befoe ad ater uenhin. in FE isbefore and after bleaching.

produced by direct Si3 ion-impnation into an Previous work sugests that the buffer layer

undoped, semiinsulating l substrate. contain E centres at concentrations of 1014 to

It is seen that not only can photo-excitation 1O9cm-4 in addition to Or atoms which have

increase and decrease Ida as a function of diffused from the substrate. Spectral changes

waveleat, but that in this case, quenching after quenching are greater for VPE grown

reduces the spectral respe-se also as a function PETs with buffer layer thicknesses of less than

of wavelengl. 1 pm thm the ion-implanted devices.

Figure 3 shows a similar result obtained on

a PET produced by VPE growth on a 3 DISCUSSION

chromium-doped subltrate. The techniq used The ph of GaAs PETs must be

for these samples involved the growth of a due to noifications of the channel conductivity
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low
beneath the Schonky gSe. Whether or not M S and 6 show the difference spectra
these are due to dir excitation within the for 0.7 on buffer VPB FET and the
depletion regmn, the pinched-off channel or ion-ippiamed Fer respe.vely.
esewhere, extrmisic photorespome must be due
to carriers excited from deep levels. We can

assume, like several other authors [1,10,11), that
this photo-excitation takes place either in the
buffer layer or in the region adjacent to the 3

channel/buffer (for epitaxial PETs), or near the 2
chiannel/substrate interface for ion-implanted

ETs. In other words, we probe the deep
level defects in regions essentially depleted of 2.0 1.0 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9
carriers and photo-excitation is, therefore, 5WE (ETih.um)

important. .G 3 Diffam" spectrum for VPE FET with 0.ur

Consider the band diagram in Figure 4, buffer.

where it is assumed that deep acceptors in

addition to EU are present; shallow levels are
ignored. The allowed transitions which produce 5
photo-excited carriers are indicated. Clearly.

the removal of electrically active EU defects Ii
by quenching (Figure 4(b)) modifies the
spectrum appreciably; the three ionization paths I

being replaced by a single transition. :
2.0 1. 5 1. 1.3 1.2 1.1 1.0 0.9

ce cU waveingth(umn)

mI 6 Difference .pectrwn for ion implanted FET.
The spectrun shows the optical ionisotion cross
section for EL2.sujestng that no ~te centres

L2 were excited within the wavelegth rane.
1 ' 1 . ACC ACC

The ion implanted difference spectrum
shows that the photo-Id response was due to

GELE2AC3 eI.2 aone [12,13]. The VPE PET difference,
BeoeQuenching After Quenching pcr e lctd u hyrva h

(b)(o) ( )EL2 peak as~fe The change in charge suite
FIG 4 (o optical transition with E.2 and
another deep e (60ept0). (b) -N, d of the Cr atoms caused by the removal of the
transitions with EU removed by bleoching. M2 is also revealed.

We have employed DLTS to confirm that
In addition, the relative position of the deep chromium atom wre present in the channel
acceptor level with respect to the EU level can layer and that our interpretation of the photo-
also be deduced because if this wa hiOr in Id spectra is reasonable. However, simple
the bend pp than EL, quenching would not DLTS does not indicate different charge states
affect its charge state. wherew the method reported is sensitive to

The difference between the spectra before these parameters. The data have been used to
and after quenchin reveals information on estimate the best buffer thickness for VPE
centr have been modified and on the EU PETs. fjt e 7 shows how the photo-
centres which have been removed. sensitivity of the PETs varies with buffer
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thickness. As the buffer thickness decreases to [9] Forbes. L.; Chang.C.D: IEEE GaAs IC

less than 2.5 pin the changes in Ids (both Symposlum.Research Abstracts No 14(1979)

and negative) ecome s . [10] Kocot.C.; Stolt.C.: IEEE Trans. on Elec.
positive aDev. Vol. ED29 No. 7 (July 1982)

x [11) Sriram.S.; Das,N.B: Solid State Electron

C x 0.7um buffer Vol.28, No. 10, pp 979-989 (1985)
H 25 - 0.85um buffe
A *3.Ourn buffer [12] Martin. G.M.: Appl.Phys.Lett. 39.
N 20 1 (November 1981).
G I
1 IS [13] Chang.C.D.; Forbes.L: Semi-insulating

1 t0 III-V Materials Nottingham, p.329 (1980)

0

S A

0 1 2 3 4
Buffer Thickness (urn)

Fig 7 loSS sensitivity to buffer thickness on Cr
doped substrates.

4 CONCLUSIONS
It has been shown that the photoquenching

of EL2 from FET structures can cause
significant modifications to the photoresponse of

these devices so revealing previously hidden
processes. Positions of deep centres with
respect to EL2 can be established and, together
with DLTS, can be used to characterise them.
The technique is non-destructive and can be

used on standard devices.
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B3.2.3

A OLTS INVESTIGATION OF VPE GaAs MESFETs

C. Ghzzr. E. Gombia, R. Mosca and M. Pianf*

Istluto MASPEC del Coniglo Nazionale dele Ricerche, Via Chlavad 18/A

43100 Parma. Italy
•Dipartrnnto dH Fisic derUnversta' di Parma, Via M. D'Azeglo 85
43100 Parma, Itf
• TELETrRA S.pA, Via Trento 30
20059 Vlmercate (MI), itly

Capacitance DLTS measurements have been performed in VPE- GaAs MESFETs prepared on
Bridgman Cr-doped and LEC undoped semrlnsulating substrates. A band of electron traps was
detected near the metal (gate)-semlconductor Interface. Near pinch-off conditions, a positive
capacitance signal was found to dominate the DLTS spectra In samples prepared on Cr-doped
substrates. The feature of this positive capacitance transient have been analyzed and discussed.

1. INTRODUCTION (1-6 Im) grown by the AsCI3 method at T-700 C. A
In short gate GaAs MESFETs, the DLTS (deep level surface layer 0.2 un thick was then removed by

transient spectroscopy) technique Is commonly used In etching before the deposition of the TIPdAu gate

the conductive mode [1,2] since the gate capacitance is contact. The maximum electron concentration nmax in

too small for an accurate detection of the capacitance the active channel was 1.4x10 17 cn "3. but a few

transients. CondJctanc DLTS signals, whose sign Is samples were prepred with slgnificantly lower

consistent with hole (minority carrier) emission concentrations (5-60016 cm 3). The residual
processes, have been frequently observed to dominate concentration IND-NAJ of uncomapensated shalow

the DLTS spectra [1-4]. However, at present, a Impuritles n the undoped (buffer) VPE region was in the

common accepted idea is that the "positive" signature range of 1014 cm 3 .

of conductance DLTS signals in short gate GaAs The DLTS Investigation was performed using both a

MESFETs is related to electron emission from surface lock-n system and a double boxcar averager for

states in the ungated surface source-gate and gate- processing the translent capacitance signal. In the

drain access regions [5-7]. Only a few signals, such as latter case, filling pulses as width as 100 me could be

the one corresponding to the ubiquitous EL2 electron easily employed. To have significant gate capacitances

trap, seem then to be doubtless related to true bulk we used an enlarged contact pattern (fat FET) with a

traps in high-quality devices. In the light of these 100 pm gate longht and 10 pm inerelectrode spacings.

results, and taldng also advantage of the fact that During measurements, the source and drain contacts

conductance and capacitance DLTS give similar results were connected together. By means of a standard C-V

in large area devices [8]. we have reconsidered a technique the electron concentration in the active
capacitance DLTS investigation in VPE GaAs MESFETs channel was profiled as a function of both position and

using enlarged contact patterns. gate reverse voltage Vg. A suitable choice of V. makes

then possible to take DLTS spectra which are related in

a controlled manner to different depleted regions.

2. EXPERIMENTAL METHODS

The GaAs MESFETs were prepared by Telettra SpA, 3. RESULTS

Both Brdgmann Cr-doped and LEC undoped semi- The highly doped active channel was investigated by

insulating GaAs substrates were used. The active keeping Vg a suitabe low values. For samples with

channel was obtained by S-dopIng during the final n- x , 1,4x10 17 cm-3  this could be achieved using

growth stages of the variable thickness VPE layers V9--0.6 V (see plot I in fig.lb). The corresponding
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DITS spectru (plot 1, fig. 1a). Wren dt a voltage PUIs6
amplide Vp=0.6 V. shows a broaid band of elecion
trap with concenlrations Nr-2nm=(ACC) in the range
3-6X10 14 Cm-3. The Ours sogwa has a madimum at a
tenmperalur not far from the on (T-M IQ

orresponding to the electron trap EL3 (Ec-Et-0.M7

eV). This band was found i all the samples and the EI
spectrum did not change using different width tp of the L

filling pulse: more specifically, positive capacitance,

signals were niot observed even for t=40 ms. It must be 100 200 300 400
stressed here that, Undeir the specUied coflditofls,the Temperature (K)
depletion region W Is lnited to 0.11 pms and the eletrn

traps responsible of the observed band are even closer

to the gate contact. A more deep region (W-0.28 ;un) i Figure 2

the active channel, although far from the pic-f Typical DLTS spectrum of a GaAs MESFET prepared on a
conitinscoud esil beinestgatd I saple witi LEC undoped substrate. V.-~1.8 V is near pinch-off
condtios, oul eailybe nvetigtedin ampes ith conditions. VP=O.6 V, rate window-49.5 sec-I (boxcar

a lower doping level (nmax.5-6 x 1016 cm-3) using system).

0 2. Vg--2.2 V (plot 2, fig.lb). The occurence of a flat
spectrum taken at Vp-1 V (plot 2a, I i.la) means that

T' the trap concentratlon within this region can be

estimated to be smaller than 1x1013 cm-3. As a checkc,

= a) i V. is reduced to -0.2 V I the same sample, in order
* to investigate a shallower region (W-0.16 aim), a band
* of election trap can be again observed (plot 2b, rig.1a).
0 lbIt should be nioted that, owing to the different doping

210 2 6, levels in the two conductive channels, the trap
150 250350

Temperature WK concentration corresponding to curve 2b is roughly 2.5
times smaller that the one of case 2a. We may conclude

_____________________________that the observed traps, being absent in the deep

channel region, are neot related to the VPE growth

b) process. Moreover, they cannot be related either to the
Interruption of the VPE growth, since a 0.2 pim surface

o2 layer was removed. The fact that they could be related

a1616 I to defects introduced close to the contact by the gate
metallztlonprocess desetves furtr histialons.

When even deeper regions were investigated and the

0o 2 3 active channel was nearly depleted, quite different
Ve (Volts) results were obtained for MESFETs prepared with

different substrates. For LEO undoped substrates both

Figue Ithe electron trap EL16 (Ec-Et..0.37 eV) and EL2 (E0-

DITS spectra (1a) within the conducting channels Of r.8e)wedtacd(lg2,hientecseo
MESFETs havfn different doping profiles (1b). Rate Cr doped substrates the DLTS spectra were dominated
window-21.7 swi~ (lock-In systemn). See text for by the presence of a positive capacitance signal whose
fuuiherdefalls.

armplitude was strongly dependent on both the frequency
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condaclanoe. Uinder operative conitionis we derive

Q.RGWC *O .1. which is far from the value (Cw1) for

me2 As aommn thephtyof bulkhole trapsbin

C: I 'eresponisible for the oberved positive IDTS sina mi1ght

0: 0.1reliable activation energies sinice two emission

____processes. at least contiute to the posie DeLTS

0 resi nal sdered fr was A Ano s howgeve, to ye
________________________Zylbersen et a1. [2). the population of a hole trap level

Temperature (K) Fermi level Fp can Intersect the level at the bardier

between tgo active layer-substrate Interface. We
Figure 3believe that this model could be s5th valid, In principle.

eveur 3 h are sdsrbue ntewoebfe
Tyeven DT thetr barfe as daltrbjtprpaed on thhlebfe
Cr-dped sa.etrae. gu* .8 . .6 V ~. thickness as a consequence of a strong depltion effect.

wixNdow21.7 so* (lock-In system). Dierent spectra The hole density can then be smial enough to be
refertoifferent widthlp of the filng pulse. responsible for low capture rates. The role of Cr doped

substrates should be considered by accounting that Cr
and the filing pulse width tp (fig.3). The signal diffusion can both introduce trap levels and change the
ampitude saturates ait fm-5 msu. The origin of this shape of the barrierwithin the buffer layer.
signal can hardly be related to surface effects within
the interelectrode spacings, similar to those reported

in 15-71. In fact it was completely absent in MESFET VI
samples grown on LEC undoped substrates. Moreover it - a: - .8 V
could be detected only when V9 was sufficiently large, a ~ *"b

niot far from the pinch-off value (fig.4). The positive d A
d:I

AC/C signal, I dlue to the variations of the trapped
j C

surface charge, for the siplifiled case of a homogeneus 10
sample. is roughly given by 0

AC 4D AW
C Lg+41) W 200 300

with Lg9-gate length, 0-Interelectrode spacing, Temperature WIC
W-W(VII).dspletion width under the reverse gate
voltage V. and AW-vaudation of W due to the voltage Figre 4
pulse Vi. Since W Is an Increasing function of V. and D.SsetacaG~ EFTpeae naC oe
since &W decreases by Increasing V9. the amplitude of substrate. The different spectra refer to different V
th s sina should cotnuul deraeb values, as Indicated The filling pulse reaches the 0

level. tp-2 mes, rate window-21.7 secr1  (lock-in
Increasing Vg. This Is contrary to the observed system).
behaviour.

Finally, with reference to the possibility that a high 4. CONCLUSIONS
semis resisance N may reverse the sog of the A capacitance DLTS Investigation has been performed
appeareue capacitance transeer, as suggste in (91, In GaAs MESFETs. Two main results can be
we checked the Re value in our samples by comparing summarized: (1) a band of electron traps has been
lo and high frequency values of the gateo-drain detected near the Interface between the Schottky gate
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D3.2.1

f A NALYSIS AND DESIGN OF PHASE-LOCKED DIODE LASER ARRAYS

F. LOZES-DUPUY, A. BENSOUSSAN, S. BONNEFONT, G. VASSILIEFF, H. MARTINOT

Laboratoire d'Automatique et d'Analyse des Systemes du CNRS
7, Avenue du Colonel Roche - 31077 TOULOUSE CEDEX - FRANCE

A general eigenmode analysis is applied to model typical index-guided pha-
se-locked laser arrays. It is shown that in phase operation can be achie-
ved if only a very narrow range of structural parameters is controlled. CSP
arrays are found to exhibit efficient supermode discrimination.

1. INTRODUCTION L A p + K A + Kp,p+I L " (1)

Semiconductor laser arrays are receiving wi- p - 1 .... N and L 1 .... N

despread interest due to their capabilities for The eigenvalue OL and the eigenvector (A1 ,..,

high power applications. Such devices could be L are respectively the propagation constant
used in optical communications between satelli-

and the amplitudes of the individual elements
tes, short-haul local area networks, laser

of the array operating in the L th supermode.printers, optical recording systems.
The propagation constants Bpof the isola-

One promising approach is to phase lock clo-
ted lasers and the coupling coefficients K are

sely spaced narrow stripe lasers by evanescent
to be first determined in order to solve the

coupling. The control of the array modes, howe-

la- eigenvalue problem for the modes of the array.ver, is the main problem to be solved. Most a
A simple and relatively good estimate can be

ser diode arrays oscillate in the out-of phase made by treating each individual laser as a

lateral mode, yielding a double-lobe far-field
three-layer slab wavegulde along the y-direc-

pattern. tion parallel to the junction planes. The stri-

In this paper, a coupled-mode analysis is~pe and intersiripe regions form In the x-direc-
applied to describe the operation of phase-loc- eaditrrp egosfminhexiec
arotion multilayer dielectric waveguldes with ef-

ked injection laser array. The model is applied fective refractive indices [3] corresponding

to typical index laser arrays in order to define to a fundamental TE-like mode.

structures operating with all the elements in The model is capable of analysing both uni-

phase and having a resulting narrow single-lobe form andchirped arrays. It takes into account
far-fieldredaray, patternno.ccun

far-field pattern. the active and passive nature of the layers by

using conplex refractive indices, including
2. COUPLED-MODE ANALYSIS

carrier-induced index change relations [4].
Coupled-mode analysis [1,2] is used to ana- .Thus the model should be useful to simulate se-

lyse the lateral modes of the arrays. The N su-
veral kinds of index-guided laser arrays, va-

permodes supported by an array consisting of N
rious geometries or nonuniform current distri-

weakly coupled single-mode lasers are 
given by biosg

butions.
solving the well-known set of the simultaneous

equations
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3. ANALYSIS OF TYPICAL LASER ARRAYS x S W

Following the model, the main parameters of"L d

an array are the number of elements, the stripe
(a)~width, the stripe spacing, the lateral optical

confinement of an individual laser.

On the other hand, single-lobe far field

pattern and efficient discrimination between
the supermodes require very restrictive condi-

tions. In the case of uniform arrays, the modal x S . W

gain of the L th supermode is given by Lyd
LLr (b)

GL G - 4 Ki cos N +2 (2)

where G is the modal gain of the isolated indi- .

vidual laser, N the number of elements, Ki  the

imaginary part of the coupling coefficient.

Single-lobe far field pattern associated with x

the fundamental supermode is achieved if Ki<0,

and good discrimination between the fundamental (c)L

and the highest-order supermode is provided by +

large values of IKil.

The model has been applied to typical index

guided laser arrays in order to compare their

capability for stable single beam operation. M Al0 .0 5 Ga0 .95 As active layer

Buried heterostructures are found to present =- Aly Gal1y As cladding layer

strong index guiding, eliminating coupling bet-

ween the lasers and providing broad far field Ga As lossy layer

patendielectric:, pattern.

Arrays consisting of ridge waveguide lasers, contact metals

channeled substrate planar (CSP) structures, Ga As blocking and lossy layer

V-channeled substrate inner stripe (VSIS) la-

sers are also considered. They are shown in~FIGURE I
cross-section in Fig. I. In each array case,

the layer thickness t is a key parameter which Schematic diagram of phase-locked arrays compo-~sed of (a) CSP structures, (b) VSIS lasers,
determines the lateral optical confinement for ( a) C srue lasers,(c) ridge waveguide lasers.

a given set of structural parameters.

Calculations were made with y-0.40, x-0.05 10-emitters arrays with stripe width W-2 Am

(1 = 0.84 ism), d = 0.1 Am. The real values of and separation S - 1 Am are analyzed. The

the refractive indices are n - 3.641 in the ac- thickness t is determined so that such arrays

tive layer (without pumping), n - 3.343 in the favour the fundamental supermode over the anti-

cladding layers, n - 3.630 in the GaAs layers. phasp supermode (Ki < 0). The corresponding la-

Internal loss are taken as a - 10 ca- 1 in the teral optical confinement of the individual la-

cladding layers, a - 8000 cm-1 in the GaAs los- ser is shown in Fig. 2. It can be seen that

sy layer. Gain in the active layer is adjusted zhe index-guiding of the VSIS array is quite

until the array modal gain reaches 50 cm
- 1. poor leading to lateral mode instabilities and

866



j n 110 "3 }  
A+ 61K l| co-ll I

I/-
3 RIDGE Co ." 

Y=0.40

VSIS

0s~ 111.J01 0.2 0.3 0.4 0.5 FIGURE 4

Amplitude of the imaginary part of the coupling

FIGURE 2 coefficient versus layer thickness t for CSP
arrays with different compositions of the clad-' Lateral optical confinement of individual la- ding layers.

ser versus layer thickness t for the case of
CSP, VSIS and ridge arrays operating in the

fundamental supermode. iK-l (cm- 1l
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FIGURE 5
FIGURE 3

Amplitude of the imaginary part of the coupling

Amplitude of the imaginary part of the coupling coefficient versus layer thickness t for CSP

coefficient versus layer thickness t for the arrays with different stripe and interstripe

case of CSP and ridge arrays operating in the widths.

fundamental supermode.

similar properties to that of a broad-area de- of a minimum lateral optical confinement of the

vice. Ridge and CSP arrays provide stronger op- individual laser which has been taken equal to

tical confinement. The amplitude of the imagi- 10- 3 . CSP arrays have an additional advantage

nary part of the coupling coefficient, shown over the ridge structure since stable wavegui-

in Fig. 3, indicates that both structures may ding mechanisms are maintained when the pumping

achieve modal gain discrimination by choosing current is increased.

the layer thickness in a very narrow range of Other design constraints can be imposed by

values, with slightly better potential in the fabrication limits such as composition and do-

case of the CSP array. Note that the maximum ping material uniformity, or variation in the

value of IKIl -and therefore the maximum modal layer thicknesses. Fig. 4 gives the available

gain discrimination- is limited by a constraint range of the layer thickness t of the CSP ar-
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rays when the composition of the cladding layer
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D3.2.2

REDUCTION OF LOSSES IN GAIN-GUIDED LASER ARRAYS COMPARED WITH SINGLE
STRIPE LASERS

J. Garner and W. Schairer
TELEFUNKEN electronic
D-7100 Heilbronn

INTRODUCTION Oxide stripe lasers are prepared

Coherently coupled laser arrays using a very shallow Zn-diffusion to

have found rapidly increasing interest facilitate the formation of low re-

during recent years. One reason for sistivity stripe contacts. Contact me-

this ia their capability of very high tallizations are Ti/Pt/Au on the p-

output power. side and Ni/Au:Ge/Ni/Au on the n-side.

Because of their dramatically re- On each wafer one, five and ten stripe

duced losses compared with single lasers are fabricated and the pitch of

stripe lasers, laser arrays resemt. the stripes is varied between 5, 6, 9

in some respect broad area stripe la- and 12 pm. The processed wafers are

sere and therefore can be simpler cleaved into bars, usually 250 pm

treated theoretically than narrow long.

single stripe lasers. Thus the quality

of the epitaxial process can be more RESULTS

directly judged from the analysis of Experimental results obtained from

arrays than of single stripe lasers, these GaAlAs multi and single stripe

On the other hand, there is usually a DH-lasers are summarized in the Table.

wealth of empirical data connecting The data collected refer to unpassi-

the quality of the epitaxy with the vated laser chips. An assymmetric

properties of single stripe lasers. Al20 passivation would increase the
2 3

We deemed it therefore useful to differential efficiency V by about a

compare the properties of arrays with factor 1.6. It is important to notice

those of single stripe lasers, which that the scatter of the measured data

have been prepared on the same wafer is quite low on each single wafer, but

and therefore have the same epitaxial also between wafers. E.g. typical va-

structure, saw the same wafer pro- riations in threshold current Ith and

ceases and have the same mirror qua- differential efficiency l are only

lity. + 5 %. This is also true for the emis-

sion wavelength shift A between single

EXPERIMENTAL and multi 'tripe lasers, the scatter

The epitaxial layers have been pre- in the emission wavelength A, however,

pared by liquid phase epitaxy. Three is much lower.

layers form a double hatero structure The threshold current density Ith

(DH) and a p-type GaAs top layer is for the single stripe laser has been

used as a contact layer as shown in corrected by the subtraction of that

detail in Fig. 1. part of the current which diffuses in

the active layer in lateral direction
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and is lost for the pumping of the ac- rived from this generally consistent

tivo stripe region, picture:

in the calculation of the nominal (1) The properties of the laser ar-

threshold current density Jnom the of- rays are determined by the qua-

ficiency of the stimulated emission has lity of the epitaxial process

been assumed as 0.7. Similar values and not deteriorated by an un-

have been obtained experimentally, but sufficient accuracy of the re-

are also reported in the literature /1/. alization of the array struc-

The calculated differential efficiency ture.

1 calc' the threshold current density (2) The low threshold current densi-

Jcalc and the wavelength shift AAcalc ty obtained for arrays proves

are, however, not very sensitive to the that the threshold current den-

choice of 7 4 tim" sity of narrow stripe lasers is

The nominal threshold current densi- as low as can be expected for

ty can now be used within Stern's model this type of structure.

/2/ to calculate the maximum gain g (3) The quantitative understanding

and the wavelength shift. The agreement of the wavelength shift results

between experimental and theoretical in a design rule connecting the

results is surprisingly good. Al content of growth melts with

A test of the general consistency of the emission wavelength.

the data can be performed by using g max'

which has been obtained within Stern's Die diesem Bericht zugrundeliegenden

model, to calculate the internal loss Arbeiten wurden mit Mitteln des Bundes-

a . The loss in turn may be used to cal- ministers fQr Forschung und Technologie,

culate threshold current density Jcalc FKZ 13N5399/8, teilweise gef~rdert. DieI and differential efficiency, Valc ac- Verantowrtung fOr den Inhalt liegt je-

cording to the formulas doch allein bei den Autoren.

i .- 03 A d 20 A a( 1 l 1 1
2tim cm jim LtimL R

s= { 'tim/(1 + aL/In (1))} 1.24/2A PmV (2)

These calculated results are also

given in the Table. The threshold cur-

rent density agrees closely with the

experimental results whereas the dif-

ferential efficiency approaches the ex-

perimental values only for the ten

stripe devices. Nevertheless we judge

the overall consistency as generally REFKRENCES

satisfactory. /l/ E. Pinkas, B.I. Miller, I. Hayashi,
and P.W. Foy,
J. Appl. Phys. 43 2827 (1972)

CONCLUSIONS /2/ P. Stern, J. Appl. Phys. 47,
The following conclusions are de- 5382 (1976)

870



I
Fig. 1

Layer structure of single and multiple stripe DH lasers

2

1 n-substrate Gas Si: 0___-_ wpm
2 n-cladding A G a An To: 5.10 17 CMo-3  2.511m
3 o,_ve layer __ x 1-x A none 0.07...0. 1 Opm
4 p-cladding A ., G .s. Mg: 1*10 17 CM-3 1.5Pm
5 p--cap Ga.s Mg: 1_1017 ¢m - 3  0.5Pm
6 oxide isolation I 0.12rm

TABLE

Experimental and calculated results on single and multiple stripe

DH lasers. Resonator length is in all cases 250 pm and the lasers are

not passivated.

No. of stripes 1 5 10

Stripe pitch/Um - 5 6 5 6

F/1O-5 cm2 1.25 6.25 7.5 12.5 15

I th/mA 62 100 110 180 200

t/W/A 0.33 0.49 0.49 0.49 0.49

J/KA/cm 2  3.45 1.6 1.5 1.4 1.3

d/0m 0.1 0.1 0.1 0.1 0.1

J nom/KA/cm 2m 24.2 11.2 10.5 9.8 9.3

A/nm 807 813 813 814.5 814.5

AA/nm - 6.0 6.0 7.5 7.5

g /cm 1  985 335 300 265 240

&A, /nm - 6.3 6.9 7.5 8.0
calc

a /cm " 1  
220 45 35.4 26.0 19.2

52
3 /KA/cm2  3.45 1.60 1.50 1.40 1.33
calc

Vcalc/W/A 0.092 0.27 0.30 0.34 0.38
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D3.2.3

LOW THRESHOLD 8H LASERS EMITTING AT 1.5 ijm MADE FROM GAS SOURCE MBE HETEROSTRUCTURES

B. FERNIER, L. GOLDSTEIN, D. BONNEVIE, D. SIGOGNE, 3. BENOIT

LABORATOIRES DE HARCOUSSIS - CR.CGE, Route de Nozay, 91460 MARCOUSSIS, FRANCE

C. CARRIERE, T. LAVOLEE

ALCATEL/CIT, Route de Nozay, 91460 MARCOUSSIS, FRANCE

Buried heterostructures (BH) lasers are made from low threshold current density
(1.7 kA/cm2 at l.Spm) GalnAsP/IhP double heterostucture (DH) grown by Gas
Source Molecular Beam Epitaxy (GSMBE) and using a standard LPE regrowth
fabrication process. Low threshold current (25 mA), high quantum differential
efficiency (43 %) BH lasers emitting at l.Spm have been obtained. Due to the very
good homogeneity in thickness and composition of the epitaxial layers over a 2"
diameter GSMBE wafer, the dispersion of the useful laser parameters is very low
(± 6 mA for threshold current, ± 5 % for differential efficiency, ± 3 nm for
wavelength). These lasers exhibit a stable behaviour on preliminary aging test.

1. INTRODUCTION diameter substrates in the whole composition range

High quality heterostructures with a good of the GaInAsP alloy. The low growth rate (3.5 /s)

homogeneity in thickness and composition over large allows an accurate control of the layer thickness.

area are needed either to improve the production

yield of standard lasers or to allow the fabrication 3. DESIGN AND CHARACTERIZATION OF LASER

of more advanced devices such as DFB lasers for HETEROSTRUCTURES

coherent systems, optical amplifiers or integrated Several types of heterostructures with (SCH) and

optoelectronic circuit. Regarding this problem without (DH) separate optical and carrier confine-

GSMBE appears as a very suitable technique as it ments suitable for low threshold laser operation at

will be shown in the case of GalnAsP/lnP hetero- 1.3pm and l.Spm have been designed following a

structures for standard l.Spm lasers. previously published model [3], grown in the

conditions described above, and characterized by

2. GSMBE GROWTH OF GaInAsP/InP photoluminescence, capacitance profiling and

The use of gas sources (AsH3, PH3) for V measurements on broad area laser.

elements has already been recognized (l],[2] to be a 3.1. Design of laser heterostructures

very efficient way for the MBE growth of uniform Conventionnal DH with a 0.15-0.2pm thick active

and high quality Gaxlnl-xAsyPl-y (y - 2.2 x) layer and SCH with a 0.12pm thick active layer

layers lattice matched to InP. For the heterostruc- sandwiched between two 0.O8pm thick guiding layers

tures discussed below the general conditions for with higher phosphorus content (Xg = 1.3pm) have

GSMBE growth can be described as follows : arsine been designed and grown for l.Spm laser emission.

and phosphine are introduced into the growth The heterostructures consist of a four (DH) or a six

chamber through a low pressure PBN cracking cell (SCH) layer structure grown on a (100) S doped N

heated at 1000 C ; Ga and In fluxes are provided by type substrate (n = 6.1018 cm- 3) with a 2pm thick

solid effusion cells. The growth temperature is Sn doped (n *: 1013 cm- 3) lnP buffer layer, the

5400C. In these conditions, layers with a good guiding and active layers, a 2pm thick, Be doped

homogeneity in thickness (At/t < ± 5%) and com- (p = 3.1017 cm- 3) InP confinement layer and a

position (A~g/Xg < 10-3) and a low background 0.3pm thick, Be doped (p *: 4.1018 cm- 3 ), quater-

concentration (n - 2.1o 5cm- 3) can be grown on 2" nary (Xg = 1.3pm) contact layer. The thicknesses and

* This work was supported In part by EEC. ESPRIT project 263 A "InP based optoelectronics"
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doping level of the layers are controlled by SEM measured value n = 34 ± 4% for 400pm long

measurement and capacitance profiling.. l.Spm lasers from the different GSMBE DH is

3.2. DH characterization by photoluminescence significantly higher than for LPE DH (r = 25%).

Room temperature photoluminescence (P.L) Such a difference is attributed to lower optical

under direct excitation (A = l.06pm) of the active scattering losses due to a better interface flatness.

layer is used to check the quality and the The good reproductibility (4nm) from run to run

homogeneity of the heterostructure. Together with a and the low dispersion (for each wafer) of the lasing

narrow P.L spectrum (AE = 55 meV), a low wavelength (3nm) can also be observed in table 1.

dispersion (A X < 2 nm) of the peak wavelength is

observed on two inches wafers, indicating a good 4. BH LASER (A = -. Spm)

compositional homogeneity. As shown on Fig. 1, the 4.1. BH fabrication

low fluctuation of the P.L intensity over 2" wafers, Following a standard fabrication process [4,5,6]

which is typically lower than 10 %, allows to predict which involves the LPE regrowth (T = 6000 C) of

a low dispersion in the laser characteristics. A burying layers, several GSMBE DH have been used in

dispersion of the mean peak P.L wavelength, from order to fabricate l.Spm BH lasers.

wafer to wafer, lower than 4 nm is indicative of the The good thickness uniformity of GSMBE BH

reproducible control of the active layer composition. facilitates (Fig. 3) the control of the position of the

3.3 Measurements on broad area lasers neck of the etched mesa regarding the active layer

Threshold current density (th) lower than which determines the active stripe width (< 2pm)

2 kA/cm2 are reproducibly obtained on 400pm long and the most important laser characteristics [5].

broad area lasers issued from 20 wafers with DH or 4.2. BH characteristics

SCH emitting at l.3pm or l.Spm. As shown in table For each processed wafer, the L.l characteristics

I, values of 3th of 1.7 kA/cm2 with a minimum value under pulsed conditions are measured on 50

of 1.5 kA/cm2 are currently obtained for l.Spm DH unselected 250pm long chips lasers. For all the

with a 0.lpm thick active layer. As predicted wafers 90% of the lasers have threshold current

theoretically [3] lower Jth, mean value 1.6 kA/cm2  below 60 mA. Fig. 4 shows an histogram of the

with a minimum value of 1.3 kA/cm2 , are obtained threshold current for a typical wafer, with a 35 mA

for l.Spm SCH with a 0.12pm thick active layer. In mean value and a ± 6.5 mA standard deviation.

addition to a low dispersion of their threshold BH lasers have been mounted on standard copper

current, the broad area lasers characteristics (Fig. 2) heat sinks, bonded with In junction down, for DC

are reproducible and linear above threshold. measurements. A typical L.l DC characteristic linear

The external quantum differential efficiency up to four times the threshold current (24.5 mA) is

depends on the internal optical losses ; the typical shown on Fig. 5. Such a laser shows a stable
transverse fundamental mode emission up to

Table I : Threshold current density and lasing

wavelength for broad area lasers from several wafers 15 mW without any facet coating. Fig. 6
with different active layer thicknesses (d). illustrates the excellent temperature behaviour of

N°  Struct. d (pm) 3 th (kA/cm 2) A (nm) these lasers which can emit up to 3 mW at 100 0C.

2204* OH 0.17 1. 1 0.15 1510 ± 3 The measured external quantum efficiency 43± 5%
3400 DH 0.2 1.93 t 0.2 1571 ± 2
3456 DH 0.2 1.95 t 0.13 1570 ± 2 (L = 250pmo) is in good agreement with measure-
3468 DH 0.19 1.92 t 0.1 1563 ± 1.2
3478 DH 0.2 1.81 ± 0.05 1244 ± 1 ments on broad area lasers. The homogeneity of the
3479 SCH 0.12 1.50 t 0.12 1558 t 1.4 active layer and the high quality of the interfaces of
3480 DH 0.15 1.65 t 0.17 1575 t 2
3491 SCH 0.12 1.70 t 0.12 1561 ± 3.5 the GSMBE DH has been further confirmed from
3492 SCH 0.12 1.58 t 0.14 1568 ± 2.2
3312*4 DH 0.15 1.62 t 0.12 1546 ± 3.3 spectral and near field measurements. The spectral

* All the structures are grown in the same MBE properties of the BH lasers are characterized by a
reactor except sample 2204.
** This sample correspond to a different choice for low dispersion of the lasing wavelength

the active layer composition. (eg X = 1528 ± 3.2nm) and a reproducible regular
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spectrum with few longitudinal modes and a red shift

of the peak wavelength when the power is increased
.4 .1 4 3 . 3?

up to 10 mW (Fig. 7a). The subthreshold spectrum

reveals a uniform gain profile (Fig. 7b) even for

lasers with a longer cavity (L = 800pm) which are 9
usefull for special devices such as high gain TW

amplifiers [7] or narrow linewidth DFB laser [8]. The

emitted power is characterized up to 10 mW by very

stable and clean far field patterns (Fig. 8) suitable

for coupling with a fiber or an external cavity.

4.3 Preliminary aging tests

A hard screening test performed at 80°C during.r J

72 h at constant DC current of 150 mA has been

performed on 10 BH lasers. If one except a few

number of lasers showing a rapid increase of the FIGURE 1

threshold current in the first 24 h, most (70%) of the Photoluminescence intensity mapping of the
threhol curen inthe irs 24h, ostactive layer of a DH (a.u.).

lasers do not show any appreciable increase (within

1%) of the 200C threshold current. A long term aging 60

test has also been performed on a first group of

lasers at 7 ;*C at constant emitted power (5 mW).
After 800 h the relative increase of the 20°C 2

threshold current is lower than 10% for 70% of the

samples. These first results, to be completed,

indicate that no special failure mechanism relevant

to GSMBE growth can be detected. o O0
CL

5. CONCLUSION

GSMBE DH wafer have been used to fabricate BH

laser using a conventionnal LPE regrowth process. r._,- .I .... I .... ..

These lasers are characterized by a low threshold 0 0.5 1 1.5

current (25 mA), a high efficiency (43%) and well Pulsed current (A)

controlled spectrum and radiation pattern. The low FIGURE 2

Light current characteristic of 9 unselected
dispersion of the laser characteristics specially the broad area lasers issued of a 1.3Um DH wafer.

lasing wavelength (X = 3 nm) and their stable

behaviour during preliminary aging test indicate

that GSMBE can be used for the production of

standard l.5pm lasers. Furthermore the above quoted

performances make GSMBE very suitable for the

fabrication of advanced components and IOEC's.
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IP. 12. - INVITED PAPER

INTEGRATED OPTICS: LINbO3 OR SEMICONDUCTORS ?

M.PAPUC HON

THOMSON-CSF/LCR - Domaine de Corbeville - BP 10 - 91401 ORSAY (France)

1. INTRODUCTION

During the last several years, integrated of the order of .3 dB/cm at 1.3 pm are obtained

optics research has rapidly evolved in two main by Titanium in diffusion and command voltages

directions. In the first, LiNbO3 based waveguides around few volts are common for the

by Ti in diffusion were used to demonstrate various electrooptically active circuits. One of the first

components from low loss high speed modulators area of application is in the data transmission

or matrix switch arrays to specific chips for fiber systems. In that field, broadband modulators

sensors like the fiber gyroscope. As a matter are required and to achieve moderate driving

of fact, several of these devices become to be voltages together with the largest bandwidths,

commercially available from different companies. travelling wave type devices are preferred to

In the second, waveguides are fabricated in lumped circuits. As the crystal is a good dielectric,

semiconductor materials and rapid progresses the electrodes are of the coplanar type leading

in the growth techniques led to high quality devices to an interaction between the optical modes

in both GaAs and InP systems leading to realistic and an Inhomogeneous electric field. To build

previsions for complete monolithic integration, such modulators, different electrode configurations

can be used (symmetric or assymetric coplanar...)

2. THE STATE OF THE ART and their exact position with respect to the

LiNbO3 integrated optics is now investigated waveguides depends on the electric field

since more than ten years. As a matter of fact, component to be maximized for the Interaction.

the now standard in diffusion techniques have For a directional coupler switch/modulator,

been used for the first time in this class of material the assymetric coplanar configuration is in general

in 1974 (1, 2) and one year after, the first preferred. To achieve a characteristic impedance

directional coupler In LINbO3 was reported (3). of 50 ohms, the ratio between the width of the

Since that time numerous improvements were narrow section and the spacing between the

achieved resulting in a mature technology with electrodes should be around .6 In LiNbO3. As

some devices now on the market in small quantities, the electrode spacing is of the order of 10 microns,

The Interest in LiNbO3  waveguldes lies it is thus necessary to use thick metallizations

on the relatively easy related techt-Iogy, their to minimize the losses of the electrical

electrooptic activity and the excellent properties transmission line. Thicknesses around 3 microns

of the fabricated devices. For example, losses are easily obtained by gold electroplating and
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are commonly used In high speed devices. For optical modes while low coupling losses between

a MACH ZEHNDER configuration, symetric single mode fibers and Integrated optic

transmission lines are in general used and more waveguides can be achieved if the modes of

than 15 Ghz bandwidth has been reported (4). the two optical guides are well adapted. In

In these type of modulators, the bandwidth is general, a compromize must be accepted between

limited by the speed difference between the optical these two characteristics. One way to overcome

and modulating electrical waves. This phenomena the problem is to be able to obtain different

imposes a trade off between the bandwidth and mode sizes in the "active" and coupling regions.

the driving voltages. To compensate this velocity Recently such a principle has been applied to

mismatch a periodic interaction can be used by MgO/Ti diffused LiNbO3 waveguides (9). MgO/Ti

designing suitable electrodes (5) resulting in a diffusion was used in the in and out coupling

bandpass circuit the center frequency of which regions of a LiNbO3 optical waveguide in order

can be choosen by varying the electrode periodicity. to adapt the single mode fiber mode to the

It has been shown recently (6, 7) that aperiodic optical waveguide one while preserving the

configurations could be very attractive as they confinement parameters in the electrooptic

permit very large bandwidths with long interactions, interaction region. By this method, 1,1 dB total

Using these principles, a bandwidth greater than insertion was achieved for a straight phase

20 Ghz (440 Ghz theoretical) has been modulator compared to 2,6 dB for the same

demonstrated for a MACH ZEHNDER modulator device without the MgO while preserving the

(half wave voltage: 11 V, interaction length: same command voltage for the device. These

10 mm) at 1.3 microns (8). results are very important as they indicate

Because of the progresses made in LiNbO3  that future progresses will lead certainly to

technology it is now possible to envisage the integrated optic devices presenting total insertion

fabrication of complex chips integrating several losses below 1 dB.

optical functions. Althought the integration level LiNbO3 technology not only led to high
will always be limited by the finite length of the performance devices but also to state of the

electrooptical devices to be able to achieve art telecommunication systems demonstrations.

reasonnable driving voltages very interesting As a typical example a long distance system

results have been obtained so far. A typical example experiment (1 Gbt/s over 150 km) (10) employed

is the recently demonstrated (8) optical switching a Ti :LiNbO3 waveguide modulator. The field

matrix where 64 directional couplers have been of application of integrated optic technology

integrated to form an 8 x a strictly non blocking is not limited to optical communication. As

switching system. Fabricated on a 60 mm long a matter of fact, interferometric optical fiber

LiNbO3 substrate it was composed of switches sensors are Ideal systems to use the particularities

the interaction length of which was 2 mm. of Integrated Optic techniques. It is particularly

Consequently, the driving voltages at the 1,31tm true f-, dell known fiber optic gyroscope

working wavelength were of the order of 30 volts, where pi..iar techniques not only lead to a

This device represents the highest degree of size reduction of the optical system but also

integration realized to day using LiNbO3 technology, to the possibility of using "active" components

When dealing with Integrated optic chips, to help in the sensor signal processing. High

an important problem is the fiber to fiber Insertion performance compact devices have been built

loss. In particular, the coupling losses should be using Ti:LiNbO3 waveguide chips (11) gathering

minimized. As a matter of fact, driving voltages beam splitter, polarizer, phase modulators and

and coupling losses are not independent as low means to minimize back reflexions. To day,

drive voltages can be obtained witi. highly confined LiNbO3 based Integrated optics is considered
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to be a mature technology. However, it lacks the to fabricate modulators, switches... semiconductors

possibilities of achieving monolithic integration offer much more than the simple equivalent

of lasers, modulators, detectors and eventually of LiNbO3 circuits. As a matter of fact, the

electronic circuitry. This is why a large amount injection or depletion of carriers in suitably

of work is also devoted to the use of semiconductor biaised diodes could lead to very attractive effects

type substrates. in that case the waveguides are on both the real and imaginary part of the

- I more often fabricated using epitaxy techniques refractive Indices. These effects could lead to

such as Molecular Beam Epitaxy (MBE), Liquid electrically active components with very short

Phase Epitaxy (LPE) or Metal Organic Vapor Phase length (< 1 mm) as was demonstrated (16) in

Epitaxy (MOVPE). The different refractive indices InGaAsP/InP carrier injection switches where

needed to achieve waveguiding are in general less than 100 mA were necessary to achieve

obtained using heterostructures of materials with switching with a measured cross talk of - 20,5

different composition (GaAs/GaAIAs, InP/GalnAs dB.

or GalnAsP...). In addition to the "passive" interesting

For many years the main drawback for their properties of MQW to synthetize artificial

use in integrated optic devices were the relatively refractive Indices their unique properties due

high losses associated with the resulting waveguides. to the carrier confinement in the wells can be

Recently, decisive progresses were achieved applied to realize extremely efficient electrically

both in the GaAs and InP systems. controlled devices.

Concerning classical semiconductor films, For example, phase modulators with phase

losses between 0,2 and 0,5 dB/cm were demonstrated shifts as high as 120 deg/V.mm has been reported

In MOCVD grown GaAs single heterostructures in InGaAs/InP waveguides (17) and highly efficient

channel guides (12), . 7dB/cm in MOCVD grown electroabsorption MQW modulators can be obtained

GaAs double heterostructures waveguides (13) (18) because of the carrier confinement which

and very recently losses as low as 0,4 dB/cm were leads to strong excitonic line with a very sharp

reported in InP/InGaAsP MOVPE waveguides at peak near the band edge.

1,5/Im. These results are particularly important As a final step, semiconductor materials

as for the first time, the losses in semiconductor would permit complete monolithic optoelectronic

based optical waveguides are of the same order integration. As a matter of fact, the studies

of magnitude than with those obtained in LiNbO3 . have already begun mainly in the field of

When using semiconductor materials, very integrating electronic components with Lasers

particular structures can be utilized. For example or Photodetectors. (For a review, see (19)). The

one can employed ultra thin films forming Multiple main difficulty is obviously the technological

Quantum Wells (MQW). In that way a specific compatibility of the different circuits to be

refractive index can be synthetised by adjusting integrated. As a typical example, the electronic

the well/barrier thickness ratio. Using these circuits (like FETs) are In general fabricated

techniques low loss GaAs/GaAIAs (MQW) waveguides on semlinsulating (Si) substrates while

were fabricated using MOVPE (14) with values optoelectronic components use currently

of 0,15 dB/cm at 1,52 ;Lm. conductive ones. It is then necessary either to

The same method can be employed with InP learn how to fabricate opto devices on SI substrates

based structures leading to InGaAs/InP (well/barrier) (leading to the so call horizontal structure) or

composed waveguides with losses around 0,8 dB/cm to be able to grow high quality Insulating layers

at 1,52 jim (15). It is important to note that, in on conductive material (leading to the so call

addition to these new low loss structures, even vertical structure). One of the main goal in that

if the classical electrooptic effect can be used field Is to achieve compact optical transmitters
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or receivers for optical telecommunications. The 191 Komatsuketal, OFCIIOOC'87, 1987, Reno

experimental work has been mainly concentrated 1101 LInk R.A. et al, Electron. Lett. 22, 301

on GaAs system with demonstrations (among others) (1986)

such as a transmitter integrating two lasers, two i111 Lefevre H.C. et al, Agard Conference on

photodiodes and driving monitoring circuits composed Guided Optical Structures in the Military

to 12 MESFET's (20) or a transmitter with 4:1 Environment, Turkey (1985)

multiplexer circuit (21). 1121 Inove H. et al, J. Lightwave Techn. LT3,

In the InP system, the realizations are more 1270 (1985)

modest but as an example a -ecent experiment 1131 LIn S.H. et al, Electron. Lett., 21, 597 (1985)

led to the interesting integration of 4 DFB type 1141 Kapon E. and Bhat R., AppI. Phys. Letters,

lasers together with a carrier injection switch 50, 1628 (1987)

(22) to investigate lasing, amplification, detection 1151 Koren U. et al, Appi. Phys. Letters, 49,

and switching on the same chip. 1602 (1986)

1161 Ishida K. et al, Appi. Phys. Letters, 50,
3. CONCLUSION 141 (1987)

Since the beginning of Integrated Optics two 1171 Koren U. et al, Appl. Phys. Letters, 50,

main paths were considered: the hybrid and the 368 (1987)

monolithic approach. 1181 Wood T.H. et al, Electron. Letters 21, 693

To day LiNbO3 based circuits are matured (1985)

and begin to be commercially available in small 1191 Wada 0., IEEE J. Quant. Electron. QE22,

quantities from several companies. The recent 805 (1986)

progresses in semiconductor based components 1201 Matsueda H. et al, Proc. 12th Int. Symp.

will lead in the future to the real monolithic Gallium Arsenide and Related Compounds,

integration of optical and electronic circuitry to Kakmiza, Japan (1985)

achieve complex OEIC chips suitable for applications 1211 Carney J.K, GaAs IC Symp. Phoenix, USA

in fields as different as telecommunication, optical (1983)

sensors and signal processing. 1221 Inove H. et al, Optoelectronics Dev. and
Techn. 1, 137, 1986
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GA4.1.2

CURRENT-INJECTION ANALYSIS OF INVERTIBLE InGaAsP/InP DOUBLE-HETERO-
STRUCTURE BIPOLAR TRANSISTORS

~H.G. Bach, N. Grote and F. Fiedler

Heinrich-Herts-Institut far Nachrichtentechnik Berlin GmbH
Integrierte Optik
Einsteinufer 37, D-1000 Berlin 10, FRG

High-gain invertible double-heterostructure bipolar transistors (DHBT) aimed at laser driver applications
have been fabricated on the InGaAsP/InP material system. Forward and reverse current gain evaluation
was supported by analyses of forward I-V curves of test-diodes representing the injecting heterojunctions
and a current blocking InP homojunction diode. The influence of different LPE methods (step cooling,
two-phase solution techmque) on the static performance of the DHBTs was studied.

1. INTRODUCTION press current injection into the extrinsic base in the

For the realization of integrated optoelectronic inverted mode. Non-alloyed ohmic Ti-Au contacts [1

transmitters for use in long-wavelength were applied to contact the emitter and collector uti-

(A=1.3/1.55pm) optical communication systems the lizing a via-hole-technique, whereas alloyed Au/Zn was

application of InP-based bipolar transistors is promi- used for the base contact.

sing due to their high current handling capability as
f well as their high switching-speed potential. The em- Au/Zn/AuTi/A

ployment of invertible double-heterojunction bipolar SiO2 '

transistors (DHBT) can facilitate the implementation B E

of the laser driving circuit involved which in a com-

monly used configuration can be formed by a differen- p-IlGn a As P:Zn

tial amplifier with a common-emitter current source. N - P )

In this study invertible InGaAsP/InP DHBTs were buffer layer

characterized with special emphasis laid on the dc- N*-InP:S (100)

analysis of the forward and reverse mode current be- TilAu substrate

haviour.
FIGURE 1

2. SAMPLE FABRICATION Structure of investigated DHBT.

Figure 1 shows the structure of the investigated

DHBTs which were grown by LPE. The emitter and 3. RESULTS AND DISCUSSION

collector layers (InP:Sn) were symmetrically doped to Figure 2 shows typical forward (a) and reverse (b)

n=3-4xl017cm "3, whereas an equal or lower doping common-emitter characteristics (note: forward

(Zn) concentration (p=2-4xl0 17cm -3) was chosen for mode=emitter up). Appreciably high current gain va-

the quaternary base (0.4pm thick) in order to avoid lues of -5000 and _-300 (at Ic>l0mA) were achieved

the risk of detrimental pn-junction displacement due to in the respective modes of operation.

acceptor out-diffusion. A deep Zn-diffused region un- To get a deeper insight into the current behaviour

derneath the base contact not only facilitates the con- the related Gummel-plots were analysed. Figure 3

tacting of the base, but more importantly is to sup- deicts the respective I-Vbe curves (Vbc=O) for the

This work was conducted under the ESPRIT programme (project 263 B). -1
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emitter-up configuration (full lines) and the inverted by extrapolating the medium range (10- 4 A) Ic-curves

transistor (daried lines), towards the lower currents resulting in good agreement
of the gain values determined in the two different

ways. For the particular device shown in figure 4 the

gain amounts to about 50 at Ic<1OOnA which is yet

remarkably high and compares reasonably well with

results reported by Nottenburg et &. for GSMBE
grown step-graded DHBTs [2].

o) forword mode b) reverse mode 4oo,

FIGURE 2 ; bw t"M.24 m, 2001 2 0

Common-emitter characteril~cs o DHBT with doping -02 -0. 0-
concentrations of n=4xl0 cm (emitter/collector) -A

and p=2xlO cm 3 (base). 01 V,IVI 2

2nA -0

________________ 
Fm 200 fnwIBM

2NI-DHBT. single stril bose -30
N H e st,.1 base

, 10., - = ' N' + ... 14-0W
I JAI k" t,G 1 3 1112 4 i. 441

0", 3 .- FIGURE 4

. $i. - b. . Low current output characteristics of invertible
14 ... . F.Od l b.,, t DHBT.

10-10 .15

0.-u (16 OS 1.0 Such a gain behaviour which, to our knowledge,0 02 0., 06 08 1.0
v -- has not been observed in GaAlAs HBTs render these

FIGURE 3 transistors attractive also for use in optoelectronic re-
ceivers.

Guinmel-plot of DHBT shown in figure 2. Another note-worthy feature is the good symmetry
The Gummel-plot is seen to be well-behaved in the of forward and reverse gain in the low current regime

intermediate collector current range of which is in contrast to the behaviour at high currents.

%,104 A where the ideality factors of the collector cur- This is illustrated in figure 5 which shows the common-

rent curves approach nsl.3. In the high current

regime the current curves tend to saturate which is 0.04

well understood to be due to the influence of the series skoe-strip base

resistances of the emitter and the base layer rather 0.02 - .I

than to a drastic increase of the ideality factor.

At low currents surprisingly high current gain va- 0 ,A

lues of up to roughly 103 are suggested from the - ' pA forward

measured curves. However, these values are consi- -. P, N to ,3 101"1 .h

derably higher than those obtained from the related 1 13 V2113 Ie'l

output characteristics displayed in figure 4. This dis- -2.S -1.s -0.5 0.5 1.5 2.5

crepancy can be explained if a leakage current is as- V V] -

sumed to flow between emitter and collector, possibly FIGURE 5
via an n-type surface channel across the edge of the p- DHBT output characteristicsJ,.hig.collector currents
doped base layer. This interference can be eliminated (doin concentrations = 3x0"cm' for emitter, base

SItor).
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r

emitter characteristics of a DHBT (with slightly diffe- lated. As a result it can be concluded that in the cur-

rent doping concentrations) for either operating mode rent range of interest (!100mA) this parasitic current

in the mA-collector current range. The output charac- is sufficiently suppressed so as not to affect the current

teristics exhibit a satisfactory saturation behaviour in gain significantly.

both operating modes. The current level of some 5OmA

will be adequate for laser drive applications. Current

gain values can be seen to be ;t600 and z60 in the W2

forward and the inverted mode, respectively, giving a w -MT, se-stripe bse

fo r w a r d -t o -r e v e r s e g a in r a t io o f o n e o r d e r o f m a g n l - N .P -1C " .. ,4 strip e bss

tude. A. , 6 0-or.,

To analyze this discrepancy the electrical proper- -2

ties of the different diodes incorporated in the DHBT

were characterized in more detail utilizing large-area 0I

test-diodes to represent the heterojunctions and the 10. d

diffused homojunction diode. Figure 6 shows the ave- . 1.0
0.0 0.2 0.4 0.6 0.8 1.0

rage forward I-V curves for the lower (i.e. V IV]

base/collector) heterodiode and the diffused homodiode

taken from a lot of some 10 samples each.
FIGURE 7

I. Forward current I-V curves of individual emitter and
t h0 e" odides: n-InPip-InGa (t3m 18 collector diodes of DHBT presented in figure 5.

1.64

10 -4 tw o phase LPE 6step cooling LPE n2.43 As a further cause for the high-current gain

10-6 -& n2.T 300K asymmetry, it was suspected that both hetero.
"rea 1.08"10cm junctions of the DHBT exhibit different carrier injec-

10 2.05 InP hamajuctian shut diode tion properties at higher current levels. Such differen-

0 2. ces should be reflected in the forward current/voltage
0 0.2 04 0.6 08 1.0

v i .I characteristics of the individual emitter/base and

base/collector diodes. Respective I-V curves,

measured on the particular transistor presented in

Pm ..,As figure 5, are plotted in figure 7. The curves can be seen
pn-kP

F!P500 to almost completely coincide over nearly 10 decades
I n-- of current proving equivalent saturation currents and

K6 nte 
_ _ su t etelieed hebd ideality factors. Hence, these measurements actually

do not indicate the presumed difference in the

FIGURE 6 injection behaviour leaving the above problem

Forward current I-V curves of large-area test-diodes as unsolved. However, the coincidence of the current
shown in the inset. In case of the heterodiodes step curves again confirms the effectiveness of the InP
cooling LPE as well as the "two-phase-solution" tech- hom ojunction diode to prevent parasitic base current
nique were employed for the growth of the quaternary
layer for comparison, flow.

Moreover, test-diodes and DHBTs were made the

Using modelling parameters derived from these I-V quaternary layers (base) of which were grown by the

curves (see table 1) and taking into account the lateral "two-phase-solution" instead of the "step cooling"-LPE

base resistance the effect of current injection into the technique in order to study the effect on current gain.

extrinsic base region on the current gain was calcu- The forward I-V curve of the test structure is also
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Table 1

Ideality factors and saturation currents of diffused InP
homojunction and heterojunction diodes grown by dif-
ferent LPE techniques (test-diodes)
(Q:InG&AsP(1.3/pm)).

p doping n doping low current high current low current high current
test sample [cm- 3 ) [cm-3 Je[A/cm2  j Js[A/c.2 l'ideality fac. ideality fac.

diffused InP 17homojunction diode p+ 2.5"10 4.4*10 -8 10-6 2.02 2.43

lower heterodiode 17 17 -8
p-0/n-InP 1.5"10 4*10 8.8-10 3.2*10 2.05 1.64
(Q-layer: step
cooling LPE)

lower heterodiode 23 1.87
p-Q/n-InP 2.4*10 4*10 1.5"10-  7.7"10 -7  2.38 1.87
(Q-layer: "two-
phase-solution"
LPE)

depicted in figure 6 indicating higher saturation cur-

rents and higher ideality factors as compared to diodes ACKNOWLEDGEMENTS

grown by "step cooling" LPE. These measurements The authors wish to thank i. Schroeter-Janen,

suggest inferior gain properties which were prelimina- M. Malinkopf, I. Tiedke and B. Lehmann for their ex-

rily verified by the gain figures of "two-phase-solution" pert technical assistance during *he course of this

DHBTs being typically lower by roughly one order of work.

magnitude. However, this might also be due to an

additional reduction of the base transport factor. REFERENCES

4. CONCLUSIONS [1] Bach, H.G., Grote, N. and Niggebrfigge,

U.,Advanced Materials for Telecommunications

High gain invertible double-heterojunction bipolar 1986, XII,Les Editions des Physique (1986)

transistors have been fabricated .. J analysed. Step edited by Glasow, PA. et al., pp. 461-466.

cooling LPE proved to be an easy method to obtain [2J Nottenburg, R.N., Panish, M. B. and Temkin, H.,

transistors with sufficiently symmetric operation which Inst. Phys. Conf. Ser. No. 83 (1987) 483.

will greatly simplify further integration of a laser driver

circuit.
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A4.1.3

HETEROJUNCTION BIPOLAR PHOTO-TRANSISTORS FOR HIGH SPEED LOGIC AND COMMUNICATION
APPLICATIONS

A.J. Doherty and W.S. Truscott

Joint Laboratory of Physics and Electrical Engineering
Department of Electrical Engineering and Electronics
University of Manchester Institute of Science and Technology
P 0 Box 88, Manchester M60 lQD, U K

We r.eport the results of an experimental study on a GaAs/AlGaAs double
heterojunction bipolar transistor structure which can be integrated with fast
optical detectors. Rdsults are presented showing that the structure can be
fabricated into transistors with fts over 100 GHz, and that the photodetecting
structure has a good sensitivity with an incident wavelength of 830 nm.

1.NTRODUCTION The structure that is the subject of this study is

Heterojunction bipolar transistors are recognised as shown in Figure 1. The optical waveguide at the top

devices suitable for the very highest speeds. In left of the diagram consists of AIGaAs grown epitaxially

communications they will be used at the opto-electronic onto CaxSr,-.F,. The composition of the CaxSrl.XF 2
interface in fibre optic systems where the data rate is can be chosen so that it lattice matches the underlying

extremely high. In logic applications they will be used GaAs. The light is diverted into the p4 iN photodetector

in specialised circuits requiring the highest possible clock using an angled edge as a mirror or by a grating

rate. We have been studying a structure which allows structure. The photo-detector, which is the lower
optical waveguides to be integrated with heterojunction structure on the left of the diagram, is a GaAs/AIGaAs

bipolar transistor ics. Such circuits will be useful for p+iN photodiode. Contact to the top n-type layer can

both communications and logic applications; in the latter be via metallisation at the side of the waveguide normal

an optically propagated clock signal would give a very to the plane of the paper. Contact to the p+ layer is

fast rise time and a high degree of synchronism. achieved using ion-implantation of a suitable dopant, e.g.
Be, Mg. Isolation is by ion implantation of protons.

I p+iN Detector I E( Gate I The logic gate, which is the structure in the centre and
Woeguide p+ Implant the right of the diagram, is an ECL gate which has two

Ga As Proton Ipa ] collector up switching transistors fed by an emitter up
CaSrF2 implnt current source transistor. The intrinsic region of the

p NiN detector forms part of the collector/base junction

of the collector up transistors. The presence of this

WoAs a+ region increases the transit time of electrons across the

GoAiAs N E .].ow Edepletion region, but as shown later, does not necessarily

Ga~s n+decrease 'the ft of the transistor since there is a related
GaAs n+ decrease in the collector capacitance. The intrinsic

S.I. Substrote C = Collector E = Emitter region in the base/emitter junction of the emitter up
B = Base i = Intrinsic Region transistor will reduce the Injection efficiency since more

FIGURE 1 recombination will occur in the depletion region,
Contact to the lower layers is not necessary because of

The rpoed icterted pthe logic family chosen. Ion implantation is used forwaveguide structure.
both isolation and the base contacts, Kroemer [I] has
proposed, as an electronic logic gate, a related structure
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without an intrinsic layer. The transistor structure 3. RESULTS

Includes a p iN optical detector, though we do not The transistors were contacted using Au/AsGe

expect it to be used as a conventional photo-transistor evaporated onto n-type GaAs and Au/Zn/Au evaporated

since p+iN diode detectors have faster response speeds onto p-type GaAs. Typical values for the specific

than phototranistors. In addition, extra layers of resistance of these contacts were found to be

AlGAs can be grown to act as light emitting diodes, 4 x 10-4fl cm 2 and 4 10-fl cm2 respectively. The

though this is not shown on the diagram. transistors exhibited good Ic/Vce transfer characteristics

with current gains around unity. These gains are low

2. EXPERIMENTAL because the device geometry is such that up to half the

As a preliminary investigation into the above emitter current is injected directly under the base

structure we have grown, fabricated and tested the contact. The gains are expected to rise when ion

structures shown in Table 1. These layers were grown implantation is used to equallse the active emitter and

by MBE on SI substrates, the order of growth was that collector areas [2].

shown in the table. Although the structures are

designed to be fabricated using ion-implantation to For a device with a collector area of 0.11 mm 2 and

contact the base and isolate the devices, the results emitter area of 0.19 mm 2 the measured base, emitter

presented have been obtained using mesa etching for and collector resistances were 370 n, 70 01 and 330 f1

these tasks, respectively. The emitter/base junction capacitance.

measured at I volt forward bias, was 470 pF, while for

A mask set giving 11 different geometries, all a 3000 A intrinsic region in the collector base junction

rectangular in shape has been employed which allows us the capacitance was 55 pF at -1 V reverse bias. The

to determine geometry dependent parameters. A section collector capacitance varied very little with reverse bias

of the mask is shown in Figure 2. We have measured because of the presence of the intrinsic- layer. The

the optical and electrical DC characteristics of these reverse biased saturation current of the collector/base

devices including the measurement of the photo-current junction was less than 10-9 Amps up to breakdown at

as a function of the wavelength of the incident light. -16 volts.

The light was shone onto the devices through the optics

of the probing station which was fed via an optical fibre A measure of the performance of a transistor is

with the output of a monochromator. given by its ft which can be calculated using the

equation:

2

Bose Contoct 1 - r T.. + + Xd  (r+R
r...........b " SL e+Rc)C'c

Collector Contact

Collector.. M where r. - a.c. resistance of the

Emitter Contact emitter/base junction

.. RE, RC - emitter and collector

Bose Mes 
resistance

CTE - emitter/base junction

capacitance

CTC - collector/base junction

FIGURE 2 capacitance

Wb - base width
A section of the mask set shoving twodifernt gemeris.D b  - diffusion co-efficlent of
different geometries.

electrons in the base
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xd - collector/base junction thickness to give the maximum ft is also increased.

depletion width

VSL - saturation velocity of ftGHz

electrons in collector/ 110

base junction 100

90
The last two terms in eqn I are dependent upon the 80

intrinsic layer thickness. Increasing the Intrinsic layer 70

thickness increases the third term which represents the 60

electron transit time across the base/collector depletion 50

region but reduces the last term which represents the 500 1000 1500 2000 2500 3000

base/collector capacitance charging time by reducing the Intrinsic layer thickness, A

capacitance. FIGURE 3

A plot of ft against layer thicknessMATERIAL TYPE DOPING THICKNESS

GaAs n+ 1e18/cc 3500 A Measurements of photo-sensitivity have been madeGoAJAs N 5e 17 /cc 1500 A on three different structures. Figure 4 shows the opticalGaAs p)+ 1e19 /cc 750 AGaAs P+ undoped 2000 A response, which is proportional to AW - 1 for a given

GAAs I N 15e17 /ccl 1500 A device geometry, plotted against the wavelength of

GaAs I n+ e8 /c 00Aincident light. The devices corresponding to curves 1

and 3 have larger areas than that of curve 4 which in
turn has a larger ares than those of curves 2 and 5.

Table 1 A list of the layers grown on S.I. substrates
The sensitivity curves reflect these different areas. As

We have used the above measured values, togethei the energy of the incident light is increased a significant

with previously reported specific contact res:stances of photo-current occurs just before the band edge of the

I x 10- s and 5 x 10- 7 
a cm 2 for n and p type intrinsic GaAs. This may be accounted for by the

contacts [3], to calculate parameters for a 2 x 20 pn bandwidth of the incident light, which we estimated to

transistor fabricated with 1 pan line widths and ion be approximately 2f- nm. At a wavelength of 830 nm

implantation for base contacts. We find that the scaled the sensitivity for an intrinisic region thickness of

parameters are: Rb = 9 7 1], RE = 20 (), RC = 5 fl, 2000 A is 94% that of a 3000 thickness and the

CTC = 12.2 fF for a 3000 A intrinsic layer, and CTE = sensitivity for a thickness of 1000 A is only 73% of the

84 fF. Figure 3 shows a plot of ft versus depletion 3000 A thick intrinsic region. This can be explained by

layer thickness obtained for a current density of the exponential manner in which the light is absorbed in

5 x 103 A cm- 2  and a saturated velocity of the intrinsic region. Thus a 2000 A layer thickness

2 x 107cm- 1. This value of the saturated velocity may gives a good optical sensitivity and, as seen earlier for

be lower than that achieved it. practice because of the scaled device geometry, gives a maximum value for

ballistic transport across the thin intrinsic region. The the ft. The sensitivity Increases past the energies of the

value of ft has a maximum of 107 GHz at an intrinsic bandgap of the AIGaAs, we believe that this is due to a

region width of 2000 A. This calculation shows that the current of holes generated with the AIGaAs collector

inclusion of the Intrinsic region can improve the diffusing to the intrinsic region and being swept across

performance of the device. This effect was first by the electric field. This wavelength region is not

demonstrated by Early (4] in 1952. The value of the suitable for device operation because the response speed

intrinsic region thickness for the maximum ft is would be slower than at longer wavelengths where drift

dependent upon the structure used. If the values of currents dominate.

RE, RC, re and CTC are increased the intrinsic region
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Photo- sensitivity 2 x 20 jum geometry will have a maximum ft of

proportional to A/W 107 GHz with an intrinsic region width of 2000 A. The

1.0 1 sensitivity of the p+iN photo-detector for 2000 A

2 --- intrinsic layer was 94% that of a 3000 A layer at a
, E1l 3 - wavelength of 830 nm. Thus the structure with a

Eq . 5 2000 A thick intrinsic region can act as an optimised

0.5- E GaAs fast transistor and a sensitive fast optical detector. The

optimum value for the intrinsic layer thickness is

" "determined by the device structure and the wavelength of

the light to be used. This technology can be applied to

0.0 "__ _ other material systems, such as GaInAs/InP structures for
700 800 900 long wavelength applications.

Wavelength ,nM
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transistor acts as a piN photodetector. The devices we [4] J.M. Early "Effects of Space-charge Layer
have grown and fabricated show good dc transistor Widening in Junction Transistors", Proc. IRE, 40,

characteristics. Using the measured electrical parameters p.1 4 01, 1952.

of the device we have shown that a device with
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AlInAs/GaInAs 1ESFETs GROWN BY MBE

L. Giraudet, M. Allovon, J.Ch. Renaud, A. Scavennec

Centre National d'Etudes des T616communications
Laboratoire de Bagneux
196, Avenue Henri Ravera - 92220 Bagneux - FRANCE

ABSTRACT :Field Effect Transistors have been fabricated on AlInAs/GaInAs/InP
heterostructures grown by molecular beam epitaxy (MBE). Very low gate leakage
currents (20 nA at - 5 V gate bias) were obtained together with transconductances
of 90-100 .S/m on devices with a 3 pm gate length. High frequency measurements
were performed showing a cutoff frequency for the maximum available gain of
20 Gliz. These characteristics make this type of FET very promising for microwave
and integrated optoelectronics applications such as large bandwidth photorecei-
vers.

1. INTRODUCTION 2. SCHOTTKY GATE FET FABRICATION

Optoelectronic integration on InP subs- The FET multilayer structure, grown by MBE on

trates for the 1.3 - 1.6 pi wavelength range Fe doped, semi-insulating InP substrate, is

is expected to lead to large bandwidth, high the following (see fig. 1)

performance, coqact circuits with good repro-

ducibility. Considerable effort has been devo- -0.3 pM AlGaInAs buffer layer,

ted worldwide, to the development of a GalnAs -0.3 pim Si-doped, n-type GaInAs channel layer,

FET technology in order to take advantage of -0.2 pim undoped AlInAs barrier layer.

its high channel velocity (2-3.107 cm/s).

Presently various structures have been inves- Hall test patterns included in the set of

tigated, including J-FET, MISFET and MESFET masks used for the transistors processing

(Schottky gate FET). allow measurement of the channel doping level
(3.3 x 1016 cm" 3 ) and Hall mobility (9200

The last one seems very promising (1] : it cm2 /Vs at 300 K). Such a high mobility could

is not prone to current drift phenomena (as not be achieved without the AlGaInAs buffer

MISFET) and very short gates can be easily layer. This high mobility demonstrates the

achieved. In this paper, the realization and good quality of the MBE material. The resul-

characterization of both Schottky diodes and ting channel sheet resistance is about

high transconductance MESFETs (about 100 mS/mm 700 /0.

for LG - 3 pm), using the AlInAs/GaInAs

system, are reported. A cross sectionnal view of the transistor
is shown on figure 1. The devices are first

The behaviour of such heterojunction-based mesa isolated with a H3PO4 : H2 02 : H20 etch

devices is strongly dependent on the material down to the SI-InP substrate. A recess is then

quality. Several advantages such as : unifor- patterned into the AlInAs layer in order to

mity of doping levels and layer thicknesses, evaporate source and drain ohmic contacts. A

interface abruptness, variable AlGaInAs compo- thin AlInAs layer is left above the GaInAs

sitfon, make the Mlecular Beam Epitaxy a good channel in the source and drain contact re-

candidate for this objective. gions. This is expected to ease contacting an
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6 much larger than it is on GaInAs (0,2 eV)

and is suitable for a MESFET structure. The

oo 2000Avery low reverse currents measured are espe-

n.GelnAs -30001 cially interesting in the objective of the

monolithic integration of a PINFET photorecel-

ver with very low noise level.
'[ SI.InP

I0- aa

FIGURE 1 a
0-

Schematic cross-section of the AlInAs/GaInAs 1i-9 a
transistor.

i
9
9

il-II

inversion layer formed at positive gate bias il-Il ."

at the GaInAs/AlInAs interface. Contact resis-

tivity of 10-5 0 cm2 have been measured after

alloying of the AuGeNi contacts. The last step a a I 2 3 4 5 S 7

consists in evaporating the TiAu gate on the V (v)

AlInAs layer, preliminarily recessed down to

1000 A. FIGURE 2

Forward () and reverse (A) current of

3. SCHOTTKY DIODE 3 x 300 pm TiAu/AlInAs/GaInAs diode.

In order to obtain a good barrier height

and low reverse current, a wide gap material 4. TRANSISTOR CHARACTERISTICS

is required on top of the active InGaAs layer:

as described above, undoped AlInAs, grown at Typical DC characteristics of the FETs are

high temperature, has been chosen. Forward shown in figure 3. Transconductances of 90-

and reverse I(V) characteristics of the 100 mS/mi are obtained on devices with 3 pm

Schottky gate are presented in figure 2. At gate length, 300 pm gate width, and a drain to

- 5 V gate bias, a very low leakage current source spacing of 5 pm. The saturation drain

close to 10-3 A/cm 2 Is observed, current is close to 60 MA. Characterization

Measurements of the temperature dependence using classical MESFET models [4] indicates a

conducted at low reverse gate voltage corres- channel sheet resistance within 10 % of the

ponding to usual transistor operating condi- preliminary Hall measurements together

tions, indicate that generation-recombination with a velocity saturation type of behaviour

in the wide gap material is the main component even for a gate length larger than 3 A.

of the Schottky diode reverse current. Because Figure 4 shows the FETs transconductance ver-

of the high resistivity of the AlInAs layer, sus gate voltage. The transconductance is

the ideality factor n of the diode could not maximum for a gate bias very close to VG - 0 V

be determined. Nevertheless, the Schottky and decreases with reverse gate bias with a

barrier height on AlInAs, not well known at standard linear behaviour. For forward gate

the mment but probably lying between 0,58 eV bias, go decreases quite rapidly suggesting a

(2] and 0,8 eV (3], appears to be consistently parallel conduction in the AlInAs barrier
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.10 the I GHz - 18 OHz range. The current cutoff
frequency is about 10 GHz, which Is in good

.08 I agreement with values of CGS - 0,5 pF) and

. OV gm(- 30 mS) measured at low frequency. Figure

S shows the variations of the maximum avai-

.04 -IVl able gain (NAG) as computed from S param-

ters. The slope of the curve (- 16 d/dec.) is
.02 -2V close to the expected -20 d/dec, and a NAG

0-3V cutoff frequency of about 20 GHz can be infe-
0 .red. These values, obtained for a gate length

.8 1.2 1.6 2.0 2.4 2.8 of 3 go, confirm the attractive potentialities

Vds (V) of the devices at high frequency.

FIGURE 3 •.

DC drain current-voltage characteristics of a
AlInAs/GaInAs MESFET. Ig 3 pmn, Wg =300 pm.

-20 dB/dec.

2 0 .7 V
il~a 4

ie.C . . . .. "\i'

Feequency (CHR)

a..

FIGURE 5

s.e *.Maximum availablt gain versus frequency cha-
-8.• -1.0 5 I. racteristic.

yes (V)

FIGURE 4
6. CONCLUSION

Typical 9. versus gate voltage characteris-
tics (Wg - .AlInAs/GaInAs MESFETs with very low gate

leakage current, good transconductance and

layer as It is observed usually in TEGFETs high cutoff frequency have been successfully
(5]. Nevertheless, the transconductance of fabricated. These characteristics are very
the AlInAs/GaInAs MESFETs remains higher than at,L i;,ve for optoelectronics integrated

go max/ 2 over quite a large gate voltage cir, " such as PIN-FET photoreceivers.
range, typically beetween + 1 V and - 2 V.

Moreover, by reducing the FET gate length
S. HIGH FREQUENCY MEASUREMENTS and channel sheet resistivity (respectively

3 a and 700 o/l presently), higher transcon-
After mounting on lumna substrates high ductances m e ey b achieved, and higher

frequency masurments haive been performed in transition frequency obtained.
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THE INFLUENCE OF EMITIER SIDEWALL INJECTION ON TRANSISTOR NOISE FIGURE B4. 1.1

H.R. Claaessen, J.A.M. Geelen, H.C. de Graaff
Philips Research Laboratories

P.O. Box 80.000
5600 JA Eindhoven - The Netherlands

1. INTRODUCION parasitic electrical effects of the junction sidewalls. In this section

High speed bipolar transistors are characterized by shallow we will discuss the phenomenon of base current injection into the
junctions and small lateral dimensions. As a consequence such sidewall of the emitter-base junction.
devices can suffer considerably from parasitic effects of the junc- The fraction of the DC base current Ib which is injected into

tion sidewalls, especially when the base-emitter junction is con- the sidewall of the junction is denoted by a, see fig. 2. Theore-

sidered. One major effect is the direct injection of base current tically a depends on the shape of the emitter doping profile, the

into the emitter sidewall. Hurkx [I] has shown by 2-D device bulk and surface (contact) recombination rate in the emitter, and

simulations that for emitter junction depths between 0.1 and 0.3 the distance between emitter contact and junction sidewall (indi-

pm, and emitter widths varying from 0.3 to 4.0 um , 10 to 75 % cated by d in fig. 2), see also [I].
of the base current may be injected directly into the emitter In practice a can adequately be determined by separating the
sidewall, depending on the ratio between junction depth and bottom- and sidewall components of the base current, using se-
emitter width. This effect does not only influence the current gain, veral different emitter geometries. For two different HF bipolar

but it also causes an important increase in transistor noise figure. processes (process A and process B), we determined the specific

It will be shown that the transistor noise figure for the white sidewall- and bottom components of the ideal base current by

spectrum as calculated by van der Ziel and Sze [2,3] , based on measuring transistors with different geometries. From these spe-

the equivalent-circuit diagram given in fig. I, does not apply to cific components it is possible to calculate a as a function of

bipolar devices exhibiting the aforementioned sidewall effect. A emitter width, see fig. 3.

comparison of measurements and calculations revci's that noise Process A ( e = 0.26pm ; Xb =0.44 pm ; F = 10 Gllz)

figure calculations based on the commonly used model as stated and process B (x ie- 0.35 pum ib =0.63 pm; Ft = 7 GlIz)

in fig. I are too low, especially at high current levels. This effect do not only differ in emitter and base junction depth ( Yie and

also has its implications on transistor base resistance measure- x ), but process A also has a shallow (0. 1 pm ) oxide isolation
ments using the low frequency thermal-noise method. As dis- layer at the edge of the e-b junction.
cussed by Unwin and Knott [4], this method has been found to It can be observed in fig. 3 that process A shows less sidewall
yield accurate results for values of the total base resistance Rb injection than process B as was expected due to the shallower
down to 5 n . lowever, it will be shown that by neglecting emitter and the extra oxide isolation stripe at the e-b junction
sidewall injection for typical I IF transistors with narrow emitters, edge.
extremely large errors in the calculation of Rb may occur. From lurkx's calc,

1
ations [1] it follows that most of the

decrease in a should be attributed to the decrease in emitter

2. SIDEWALL INJECTION INTO THE EMITTER junction depth from 0.35 pm to 0.26 pm and not to the influence

Each vertical bipolar transistor will show in some extend of the oxide isolation layer.

U T-,A ,G. G- .

12q Afs
R.R.., 12 q-, A

, !4k T,1 Rb.n1 diffAf

. 14k TRe Af

b _-

FIGURE 1

Full equivalent noise circuit of the transistor in common base confiuration. T, q, k, and A f stand for device tem-
perature, elementary electron charge, Boltzmanns constant, and effective noise bandwidth. Source-, emitter-, intrinsic-,
and extrinsic base resistance are indicated by Rs, R, Rbtt , Rb ext.
The transconductane is given by 0 m. For each resistor R a ther a l noise emf ./4kRbAf is present. The mean-
square value of the current generators representing the base-emitter and base-collector shot noise equals 1-ilf where
I stands for the DC base- or collector current /b or Ic respectively.
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FIGURE 2 0 O'O0 1 ... i0 . ... "1
Schematical cross-section of bipolar npn transistor
showing base current flow. Emitter width [gmn]

FIGURE 3

3. DERIVATION OF THE NOISE MODEL Plot of a vs emitter width for process A and B.
In order to derive a noise model it is necessary to describe first

the DC behaviour of the base current.
In the previous section a has been defined as the fraction of done in such a way that for low currents a equals the fraction of

DC base current which flows directly into the emitter sidewall, the total base current that flows through the sidewall diode.
However, it must be emphasized that this concept only holds for Charge modulation of the internal base resistance is taken into
sufficiently low DC base current levels. For higher DC base cur- account according to [8,9] by considering the ratio of fixed base
rents, the effect of emitter current crowding may occur [5,6]. charge and the total charge in the base modulated by the de-
As a consequence the fraction of DC base current which is in- pletion charges and the injected charge of the carriers. Charge
jected into the emitter sidewall increases for increasing base cur- modulation has an effect on the value of the internal base resist-
rent. This effect can adequately be modelled by defining a current ance, but not on its effective noise temperature. The equation we
depending internal base resistor Rb.int and splitting up the e-b use to describe the charge modulation is given below:
junction diode in a bottom- and sidewall component, see fig. 4.
The current dependence of Rb.int is modelled by the following Q
relation between internal base current 'b.bot and internal base +nL..d = Rb+t X Qbo+Qte+Qtc+Qoe  (3)

voltage drop Vblb2:

2 Vt [ Vblb2 1 Vblb2 with Rint.mod the modulated value of Rb Ant ( )
b.bot = 3 I exp (--t )- +3Rb.int  (1) Qb the fixed base charge (C),Q ,Qtc the emitter and collector depletion charges (C),

with Vt _ kT Qoe the injected electron charge (C).

k ioltzniann's constant (J/K), Combining eq. (1-3) ith the equivalent circuit-diagram shown in
T Device temperature (K), fig. 4 leads to the transistor DC-model.
q Elementary electron charge (C), As in general the Gummel number of the extrinsic base (the
Rb.int Low current value of the internal base region besides the emitter) will be an order of magnitude

base resistance ( Q ). higher than the Gummel number of the intrinsic base (underneath

e cthe emitter), the collector current in our model is controlled only
Current crowding affects the noise, behaviour of the internal base by the potential difference accross the internal base-emitter junc-
resistor 7]. It is possible to approximate this phenomenon by tion diode ( Vb2el ). This means that collector current caused by
defining an effective noise temperature for the internal base. This injection of electrons from the emitter into the extrinsic base re-
effective temperature depends on the ratio between the low and

high current differential resistance of the internal base region. The gion is neglected.
reltion beeen ffeentive resise the erna and devio. Te In order to make the equivalent circuit-diagram of fig. 4
relation between effective noise temperature T and device ter- suited for noise analyses, we have to perform the following steps:
perature T is given by eq. (2). after calculation of Abbot, b.sw, and the collector current Ic

T"ft[ Rb int'diT (high current) 114 from a DC bias condition, both diodes and Rb.int have to be re-
Rb.int.diff (low current) J (2) placed by their differential resistance:

with Rbtnt diff" the differential resistance of Rb.int (). Tdewal diode Rd w -kT

For low currents Tff equals T and Rb.int.dliff equals Rb.lnt
bottom diode I.hot = "--.kT

As indicated in fig. 4 the splitting up of the e-b junction diode is
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FIGURE 4

Altered circuit-diagram of fig. I in which the e-b junction has been split up into a sidewall and a bottom diode. Each
diode has its own shot noise source. The DC bottom- and sidewall base current component arc indicated by

/b.bot and lb.sw respectively.

4b. Numerical evaluation of transistor noise figure

internal base resistor Rbint.diff - 3 int Let us now evaluate the effect of sidewall injection on the
2exp( Vblb2 + noise performance for transistors with various emitter widths. As

the effect of a on noise figure differs for different values of col-
Gi must be replaced by its small signal value gin lector current density (see fig. 5), we defined a characteristic point

in the noise figure curve to be used for our investigation.

l (A. We investigated the behaviour of the transistor noise figure
as a function of emitter width for a constant collector current
density J. For Jc we selected a value near the maximum F bi-

with m the non ideality factor of the collector current [ 101. asing condition; J, = 200pA/pum 2

Using geometrical scaling rules the relevant transistor model
4. EXPERIMENTS AND MODEL CAI.CUAT1IONS parameters were calculated for a number of different transistor

All experiments and calculations have been performed on geometries from process B. 'his resulted in a set of parameters
vertical npn-transistors in common base configuration with a for devices varying in emitter width from 0.4 pm to 5 pm The
source impedance of 50 Q. emitter length has been kept constant at 50 pm For the devices

The noise figures obtained refer to noise in the white spoc- with emitter widths of 2.0 pin and more we used standard proce s
trum, and noise figure is defined as the ratio between total noise B design rules. Model parameters for the transistors with nar-
power at the output of the device and the output noise power rower emitters have been obtained by applying design rules based
caused by the source resistor Rs [2]. upon a down-scaled version of the process.

4a. Experimental results Oc.0 Measurement
Figure 5 shows a comparison between measurements and cal- 8.0 Calculation with modified model (a = 0.27)

culations of the transistor noise figure for a high frequency _. Calculation with conventional model
IC-transistor from process B (emitter dimensions 2.0 x 85 pm2 ;

a = 0.27). 7.0
For the calculations the value of the internal and external base a.

resistances have been obtained from the lateral transistor dimen- 6.0
sions and sheet resistances. The sheet resistances were measured/
on van der Pauw structures and the accurate lateral transistor 5.0
dimensions were obtained by means of SlM photography. The
DC and low ftiuency AC transconductance ( Gi and gm ) and 4.0
l0b (indicated in fig.4) have been determined using simple DC
transistor characteristics.

With these data we predicted the transistor noise figure as a 3..0
function of collector current with the conventional noise model 10 10 1° -

as stated in fig. 1, and with the modified model of fig. 4 where . ['Ipmn2]
a - 0.27 has been substituted. It can be seen that the modified FIGURE 5
model accurately predicts the transistor noise behaviour (within
3%), whereas the conventional model predicts values that are too Transistor noise figure vs collector current densityJ for a transistor from process B (emitter dimen-
low in the medium and high current range. sions 2.Ox85 Am2 ).
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Emitter width [Im] Ratio of Rb calculated back from noise figure using
FIGURE 6 the conventional model ( a =0) and Rb calculated

back from noise using the extended model( a i0).
Calculated noise figure vs emitter width at collector The calculations have been performed on the tran-
current density J = 20(1aA/pzm 2 for both the ex- sistor of process B with an emitter width of 2.0 pm
tended noise m"el ( a O 0) and the conventional
model( a = 0). Applying the above mentioned arguments to our process B,

Figure 6 shows this characteristic noise figure calculated for we found that for a transistor with an emitter width of 2 in and

Jc = 20Q(A/pm2 as a function of emitter width. The calculations an emitter length between 10 and 100 um , a practical current

have been performed with the conventional model, where no density region for the determination of Rb lies somewhere be-

sidewall injection has been taken into account, and with the ex- tween 3 and 300 pA/pm2 .
tended model using values for a as plotted in fig. 3. However, when the influence of emitter sidewall injection on

It can be observed that despite of the situation that wider transistor noise figure is not taken into account, a large error in

emitters show a considerably lower value of ,a , the difference in the calculation of Rb from measurements in this region may oc-

calculated noise figure for wide emitters is much larger than for cur. This is illustrated in fig. 7, where we have plotted the ratio

narrow emitters. This phenomenon can be explained as follows: of Rb calculated back from noise figure using the model presented

When the emitter width decreases, a increases, and we expect in fig. I (no sidewall injection incorporated) and by using the

a strong effect of emitter sidewall injection on the transistor noise model as presented in fig. 4 (sidewall injection is taken into ac-

figure. However, when emitter width decreases, the internal base count).

resistance decreases too. This means that the separation between When we conclude from fig. 5 that the results of the modified

bottom- and sidewall diode, as depicted in fig. 4, becomes less model (that takes into account the effect of sidewall injection) are

pronounced. As a consequence, regarding the noise performance, quite accurate, we can interpretc the curve of fig. 7 as the ratio

the influence of splitting up the e-b junction in a bottom- and between the Rb value obtained with the simple noise model (fig.

sidewall component becomes less important for smaller emitter 1) and the actual value of Rb .

widths.
6. CONCLUSION

5. THE EFFECT OF SIDEWALL INJECTION ON BASE A noise model for vertical bipolar transistors incorporating

RESISTANCE CALCULATIONS the effect of base current injection into the emitter sidewall has

For a succesful determination of the total base resistance been derived. Comparison with measurements yields that for ac-

(Rb) from measurements of the white noise spectrum several at- curate noise figure calculations in the medium and high current

gunents will have to be considered. range it is essential to take this sidewall injection into account.
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B4.1.2

CARRIER MULTIPLICATION AND AVALANCHE BREAKDOWN IN
SELF-ALIGNED BIPOLAR TRANSISTORS

M.Reisch

SIEMENS AG, Central Research and Development,Microelectronics
Otto-Hahn-Ring 6, D-8000 Muenchen 83, FRG

E B C
1. Introduction n, p

Consequent bipolar device
miniaturization leads to an increase in
epi layer doping and to a reduction in
epi layer thickness. This implies an
increase in maximum electric field
strength in the BC junction for
constant external voltages and has -c

increased carrier multiplication in the
BC diode as one of its consequences. As +
stable device operation demands the i
emitter collector breakdown voltage to +_Ucb

exceed a critical voltage BUc-omin,
such carrier multiplication effects
lead to important design considerations
for scaling of bipolar transistors. fig.1 Measurement setup for the

determination of Mn
From the device characterization

point of view measurement methods
beyond the pure determination of
breakdown voltages are needed. We have Ic(le,Ucb) = Icbo(Ucb) + OCMn(Ucb)'le [2.11
developped two very sensitive dc
measurement methods which allow to
obtain carrier multiplication data Mn is the value of the
directly from the bipolar devices under multiplication factor due to impact
study. We compare our measured results ionization of injected electrons. As
with calculations based on SIMS shown in (1] differentiation of [2.1]
measurements and MEDUSA simulations, with respect to the emitter current and
using GRANT's data (7], and find good division by a yields the multi-
agreement even for low values of plication factor Mn. The value of
applied base collector voltage if a a may be determined by performing the
'dead space' correction is applied, differentiation procedure at zero

applied base collector voltage - under
2. Measurement of electron this condition there is no

multiplication factor Mn multiplication in the BC diode.

Electron multiplication in reverse Determination of a by the
biased BC junctions is studied using a differentiation procedure is given

recently published [1] dc method preference over the extraction of

(fig.l). A current source injects C from the input and transfer
minority carriers through the forward characteristics of the device since
biased EB Junction into the base great parts of the systematic
region. The carriers reach the reverse measurement errors are compensated this

biased BC junction with a certain way.
efficiency, denoted by a, and lead to Under these circumstances the first

an le induced current component that is order contributions of systematic
proportional to the multiplication measurement errors to the relative

factor. error in Mn are [9]
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nAAM n  6
[2.2] 16Mn  a'Ale 14

14 __ _,

where 6 is only affected by the /
change in systematic error AIc(Ic) 12 /
for the different values of current Ie
applied and van4 hes as Mn approaches-c Ub=2 2 V _"
unity. Statistical contributions are 10 -_o
not considered as principal limitations Iw(Ucb) 21.5V o

for the measurement accuracy since, by 8 / -L-- _
averaging, they die out as i/1IU with
the number N of measurements performed. 6
Theref ore, for values of a close to --

unity high accuracy even in the range/ _ iof low values of Mn(Ucb) may be 4 X 0_/ " t/ _ o_~

obtained. 29/,V
-

2 4 / > =
Carrier multiplication due to .

injected holes is characterized .y the 0 --o... Ucb'O
hole multiplication factor Mp(Ucb). In 0 0.4 0.8 1.2 1.6 nA2
silicon Mp(Ucb) is well-known to be

much lower than Mn(Ucb) if measured at I(Ucb =0)
the same voltage Ucb [2]. Application
of our method for the determination of fig.2 Observed photocurrent IW(Ucb)
the hole multiplication factor is vs. photocurrent 1w(0) for Ucb=0
possible in prinrlple, if holes are
injected in the collector region using evaluation of Mp from these data is
the substrate transistor, but as is in general difficult. As long as a one-
shown by (2.2] the accuracy to be dimensional description applies, the
expected is poor due to the low value hole multiplication factor may be
of the underlying L . obtained from

5IwIUCb1MpIUb aUcbb fplUcbl

3. Photocurrent measurements al1fOJ
[3.1]

Virtually all experimental Mn(Ucb1n(Ucb)
investigations [4..8] on carrier
multiplication in silicon have been Derivation of this formula is
based on a chopped-light technique outlined in the appendix. fp(Ucb) and
which in its basic form is due to fn(Ucb) are weight functions depending
CHYNOWETH and McKAY [3]. This and the on the 'minority carrier collection
possibility to obtain the efficiencies' of the regions adjacent
multiplication factor Mp due to to the space charge layer as well as
injected holes in addition to Mn are the bias dependent location of the
motivation to compare our results with space charge layer boundaries and the
results obtained from photocurrent spatial distribution of the generation
measurements. rate.

For our experiments, we investigate In fig. 3 we show the ratio of fn
transistors without emitter and fp vs. the absorption coefficient
metallization and measure the for an abrupt junction and a generation
photocurrent IW (Ucb) in the base rate of the form
collector diode with the emitter -
potential left floating for different Gopt -
light intensities. IW(Ucb) is plotted
vs. Iw (Ucb=O), and the slope of the with the depth xjc of the metallurgical
resulting straight line is determined junction as parameter. This shows that
by a least square fit (fig.2). Careful calculation of fn, fp may be
application of this method allows the circumvented if the investigation is
determination of the 'optical' restricted to shallow EB structures and
multiplication factor (identified with IR light sources ()-830 nm in our
the slope of the straight line) for case). Under these conditions we may
values larger than 1.001. assume

Due to the 'mixei injection' fn M
conditions, and the bias dependent - __

extension of the BC space charge layer, p P
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1 '4. Simulation of carrier multiplication
behavior

t We use doping profiles as determined
n 1by SIMS of measured transistors in

MEDUSA simulations to determine the
p 7electric field distribution in the BC

junction. Subsequent evaluation of the
i ionization integrals Sn(Ucb), Sp(Ucb)
lum m(10] allows a direct comparison of

141 measured and calculated results.

101 102 103[1/Cm]l0 4  Comparison of our measured curves to
ionization integral calculations show

absorption coefficient that the ionization data of LEE et.al.
[4], and GRANT [7] provide reasonable
accuracy for BUcbo prediction. BUcbofig. 3 Calculated ratio of weighting values derived from van OVERSTRAETEN' s

factors fn, fp for abrupt junction [6] dta a ro be t ae by
versus absorption coefficient 6 data appear to be too large by

with depth of metallurgical about 10 % for BUcbo - 20 V.
junction as parameter For voltages Ucb - BUceo the data of

LEE provide the best description of the(the hole current injected from the electron multiplication behaviorneutral collector region dominates) and observed if the ionization integral isidentify the 'optical' multiplicatian evaluated without any corrections - butfactor with Mp. our measurements don't confirm the hole
multiplication behavior predicted fromFig.4 shows measured values of Mn LEE's data.

and (81 w(Ucb) aiw(O)) vs. Ucbmeasured at the same device with a very Considerable improvement inshallow BC diode. Calculated ionization description may be achieved by
integrals for electron and hole introducing a simple 'dead space'injection derived from MEDUSA data, as correction [9]. This is performed bydiscussed below are included for 'switching off' the electron and holecomparison, ionization coefficients in their

respective 'dead spaces' defined by the
0.5 - E B IC BL

measured t" 1/ 1

SnIUcb 10I  I/ -
oI5 . C,, I-

t0.05
measured

Sn'Sp So . ( alb -t
115*' ' 1 o)

Sn(Ucb). -
0.01 -

0.005 -1 4 E

oool L puc3
2 3 5 10 15 20 30

Ucb Iv] - 0 0.3 0.6 0.9 1.2

fig.4 ComT.3rison of measured results xtu m-

for Sn = 1-1/Mn (0e01 and
l-i/(aIW(Ucb)/81((O)) [aAa,&] fig.5 Doping profile and electric field
with cp -'ated on, Sp vs. Ucb distribution in transistors with
behavi.- shallow BC diode
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threshold energy of the corresponding Besides the photon induced current
impact ionization process. component the integral on the right

hand side of [A.M) also takes account
In fig. 5 the vertical doping of the 'dark current' which is dea to

profile of the transistor of which generation at SRH centers and interband
the measured carrier multiplication tunneling.
behavior is plotted in fig. 4, is drawn
together with the electric field We use [A.1) to derive for the slope
distribution in the junctions, as of the I(JUcb) vs. Iw(Ucb=O) curve
obtained from MEDUSA, for different
values of applied voltage Ucb. 81dUcb |

These data for the electric field aiw"- Ucb=const. =p(ucbep[ucb  [
distribution and GRANT's data for the [A3
ionization coefficients were used, where
together with a threshold energy of
1.8 eV for electron induced impact a [G -
ionization, to obtain the ionization -gRLRGI Op V)
integrals Sn := 1-1/Mn and Sp := 1-1/Mp x IUt
[10] included in fig. 4. In spite of p(Ucb (A4
the crude approximation inherent in the ( P G1.4]
assumption that the ionization T6
coefficients are dependent on the local Xb cb = 0
field strength only good agreement is
obtained. denotes a weighting factor unaffected

by SRH generation and tunneling.

5. Conclusions The space charge region divides the
interval [xb,xc) in three subsections;

Our measurement method facilitates the integrals in [A.3] may therefore be
easy and accurate access to the split up in three summands. We neglect
electron multiplication factor Mn in recombination within the space charge
the bipolar devices under test. layer, integrate the corresponding
Additional information is obtained from contribution by parts and use the mean
dc photocurrent measurements, value theorem [9) to obtain [3.1).

Carrier multiplication in the
shallow BC diodes investigated may be
described using ionization coefficients
in CHYNOWETH form if a 'dead space' References:
correction is performed.

Our methods provide the feedback (1] M.REISCH, IEDN 86 Technical digest,
necessary for the verification of pp.654..657
simulated data and establish therefore [21 A.G.CHYNOWETH and K.G.McKAY,
a valuable tool for the optimization of Phys.Rev. 108, 29 (1957)
the doping profile with respect to [3) S.L.MILLER, Phys. Rev. 105, 1246
speed and breakdown. (1955)

[4) C.A.LEE, R.A. LOGAN, R.L.BATDORF,
J.J.KLEIMACK and W.WIEGMANN,

Appendix: Photomultiplication Phys.Rev.,134, pp.761..773 (1964)
(5) T. OGAWA, Jap.J.Appl.Phys. 4(7),
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If there is no current injection. [6] R.vanOVERSTRAETEN and H.deMAN,

from the boundaries the continuity Sol.St. Electron. 13, 583 (1970)
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B4.1.3

ELECTRICAL CHARACTERIZATION OF POLYSILICON/MONOSILICON INTERFACES

S. Bellone, P. Spirito,
University of Naples, Department of Electronic Enginnering

Via Claudio, 21, 80125 Naples

M. Arienzo

IBM T.J. Watson Research Center

Yorktown Heights, 10598 NY

The effective recombination velocity (ERV) associated with the polysilicon/monosi-

licon interface has been measured for different polysilicon structures. Using a new
measurement method, the analysis indicates that the behavior of a polysilicon/mono-

silicon interface, free from any intentional oxide layer and with a polysilicon

layer heavily doped, is similar to the one of a single-crystal high-low junction.
It is demonstrated that blocking properties of a polysilicon contact improve if

an undoped polysilicon layer is interposed between the doped polysilicon and the

monosilicon when a significant arsenic concentration is present at the

polysilicon/monosilicon interface.

i. Introduction vior of the polysilicon/monosilicon interfaces

The interest of a polysilicon film in investigated can be described by means a high-

bipolar technology is related to the better low junction model.

blocking properties of the polysilicon/monosi- With the help of the results in [5] our fin-
licon interface, with respect to the one of dings confirm that the blocking properties of

the metal/single crystal interface, which can a polysilicon/monosilicon interface strongly

be thus used as emitter termination for higher degrade at the highest doping level of the

current gain bipolar transistor. The mecha- polysilicon layer. However, since heavy doped

nism responsible of the above improvement is polysilicon layers are required in order to

generally attributed either to the tunneling reduce the series resistance value, it is
phenomenon which can occur across a very thin demonstrated that the blocking properties of
oxide layer localized at the interface [11, or polysilicon/monosilicon interfaces can be im-

to a lower carrier mobility in the polysilicon proved by interpdsing a thin undoped polysili-

layer [21 or finally, to a pile-up of the con layer between the monosilicon and the

arsenic at the interface [3]. heavily doped polysilicon layer.

Usually the blocking properties of a polysili-

con/monosilicon interface are evaluated by

embedding the polysilicon layer in simple 2. Experimental

bipolar structures and extracting the current The measurement method requires the test

absorbed by this interface through its I-V structure sketched in fig. 1. As described in

characteristics. Since the current desired can (A] it consists basically of a P+-N-N+ injec-

result a negligible fraction of the total ting diode between surface and the substrate,

current, the contribute of the other regions with an added N+ region, in this case the

of the test structure must be evaluated sepa- polysilicon N+ layer under test, surrounded by

rately. the P+ region at a distance much smaller than

By using a new measurement technique (4] based the diffusion length in the epilayer. The

on a different test structure, which does not polysilicon layers were deposited on two dif-

require the knowledge of any critical parame- ferent silicon epitaxial wafers lpm thick and

ter, we report on experimental results ob- arsenic doped 2x10
15 

cm-
3 

or 1xl0
16 

cm
"3 

res-

tained on different polysilicon/uonosilicon pectively, using a CVD reactor at 670 *C.
interfaces. A comparison with a metal Before polysilicon deposition, all the wafers

contacted implant layer shows that the beha- were done a dip etch in buffered hydrofluoric

The work was supported by Italian Research Council under the program:
"Materiali e Dispositivi per l'Elettronica a Stato Solido"

905



TRANSITION 1021
UNDER TEST SILICIDE

! 10 20 , Nhmplant I

"" in situ doped
0 1 19  

"900 9C/15min

I 1018 - SIMS data

n epi Gaussian fit

9 17

'+SUBSTRATE 0 10

SUBSTRATE TERMINAL ". 100

Fig.1 Schematic of the test structure 1015

0.0 0.05 0.10 0.15 0.20 0,25 0.30
acid (BHF) to remove the oxide layer on the depth (ym)

surface [6]. After the poly deposition, all

the wafers received a total heat cycle of 820 Fig.2 Doping profiles obtained from SIMS meas.
oC for 160 min during the subsequent thermal

processes required by the realization process.

All the structures were contacted by using _

Titanium silicide formed at 700 *C and by . 10

removing the unreacted titanium by etching. N•N 'implant
In particular, three different polysilicon

layers were fabricated on different wafers: , 5 in situ doped

a) 150rm in-situ arsenic doped, further 
1

/

annealed at 900 OC/ 15min

b) 150nm in-situ arsenic doped a 2.1015 cm0
"

c) 150nm of undoped film followed by 150nm of 41

in-situ arsenic doped (bilayer) .

To make a comparison with a single crystal

layer, the same test devices were fabricated U

by implanting the N+ and P+ surface regions . 10

directly on the silicon layer using respecti-
vely phosphorous, with energy 50KeV and dose U

11015 cm-2 , and boron, with energy 20KeV and 0 12 .- W 11,_ I,,__.. •_.__

dose lx01
5 

cm
-2

, on the same epitaxial layer 101 10 102

as above. Such devices were annealed at 900
0 C/ 20mmn and then contacted with Al-Cu alloy. hole concentration to epa-doping ratio, p/N

In fig.2 the doping profile obtained using a Fig.3 Experimental dependence of the ERV as a

CAMECA Secondary Ion Mass Spectroscopy (SINS) function of the injection of minority carrier

system is presented for both the polysilicon

layer type (a) and the K
+ 

implanted layers.

S - Sr + Sn (1 + pN-) (1)

3. Results and discussion allowing the extraction of the Sr and Sn com-

A typical experimental result of the effec- ponents respectively from the low and the high

tive recombination velocity for the polysili- injection branch of the curve. In the above

con structure type (a) and the single crystal equation N- is the epi doping, while Sr and Sn
implant layer are reported in fig. 3 as a describe respectively the recombination compo-

function of the minority carrier injected in nent of the space charge region and the heavi-

the epilayer. As it can be observed, both ERV ly doped region of the transition. The latter

curves vary with the minority carrier density one for a metal contacted implant layer is

according to following equation (4]: given by [7]:
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N" value is in agreement with the trends reported
Sn- (2) by (51 for the dependence of J80  on poly

NDeff(x) dx doping and confirms that the blocking proper-
f Dp ties of a polysilicon/onosilicon interface

where the integral term is extended over the strongly degrade as the doping level of the
layer portion with a doping greater than polysilicon layer becon greater than 2x1020
lxl018 cm" 3 [81. cm-3 .

The mean values of both Sn and Sr components
measured at least on thirty devices for each

epilayer doping, are summarized in Table I for

the polysilicon structures type (a) and the
implant layers. The above values of Sn for the A 10  A Sn

implant layer are in good agreement with the

theoretical evaluation from Eq. (2) using for N
the doping profile the beat gaussian fit of o a 210 OW"3

the SIMS data in fig.2, the minority carrier
mobility as in (9], and the bandgap narrowing / '.
according to Slotboom and De Graaff model (101. 10.
It is worth noting from Table I that the r

numerical value of ERV of the polysilicon
layer in the low injection limit depends on

the contribution of both components Sn and Str type (a) (b) bilayer
with the former one prevailing as the epi

doping increases, while in the case of the W 10

implanted region the component Sr dominates

always. Such difference can be explained by Fig. 4. Experimental results of the ERV
means of the greater sharpness of the doping components for all the polysilicon structures
profile for the polysilicon layer, as shown by

the SIMS data in fig.2, and of the damage
introduced by the implant process. It can be Since heavy doped polysilicon layers are nor-

useful to describe the blocking properties of mally required in order to reduce the series
the poly by means the leakage current [7]: resistance value, we examined the effect of a

lower arsenic concentration at the polysili-
Sn n2io con/monosilicon interface by realizing the

Jso = q (3) bilayer structure, where an undoped polysili-
NDepi con layer is interposed between the monocris-

talline and the in-situ doped layer.
Jso in our case results 3x10 "12 Acm-2 . This The results are summarized in fig. 4 , where a

significant lowering of the total ERV can be
TABLE I observed in the bilayer structure, as it has

Experimental values of Sn and Sr for the bean already noted in (11]. To be sure that
implanted and polysilicon layers, at different above behavior is not due to the different
epi dopings N. The standard deviations are thermal cycle of the bilayer structure, the

reported into parenthesis, same in-situ doped layers were deposited dire-

ctly on the monocristalline silicon to realize
Epi doping N+ Implant In-situ doped the structure type (b) and then processed

900 C/15 min identically as the bilayer. As shown in fig.4,
-------------------------------------------- the Sn component of the in-situ doped polysi-

Sn 434 (14) 161 (12) licon layers does not change significantly
2x101 5  

with the heat treatment, indicating that the
Sr 1321 (393) 151 (48) doping activation was the same for the two

----------------------------.--------------- different time-temperature values of annealing.

Sn 2445 (150) 667 (43) In order to understand better the above beha-

1016 vior of the MV components, the temperature
5 r 2380 (384) < 200 dependence of Sn for all devices is reported

-------------------------------------------- in fig. 5. The theoretical curve arawn for the
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10 ..... , .... , .. ,,, . the polysilicon layer. Then the undoped layer

N -21015 -3 is characterized by a greater lifetime intoNthe grain, due to the lower doping level, and

by a better blocking high-low junction, creat-
0
A ed between the undoped grain and the grain-

102 A boundary, where the atoms segregation is enough
S0 Ato reduce the amount of defect centers [5].

A A 4. Conclusions
'44
0 Nimplant Comparing the blocking properties of the
ai 10 A in situ doped polysilicontmonosilicon interface with that of
r A 90C/l5mi, a single crystal high-low junction, we have

*ol* exp. • 820 C/160min shown that the high-low junction model is
U theory A bilayer still applicable to the polysilicon junction

n 1in the case of a high polysilicon doping. The

2.0 2.5 3.0 3.5 4.0 presence of a thin undoped polysilicon layer
(K1) between the silicon and the in-situ doped

1000/T polysilicon seems to further improve the

Fig.5 Temperature dependence of the Sn compo- blocking properties of a polycristalline con-
nents for all the structures investigated, tact.
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B4.1.4

CJLREMT GAIN DEPDWU ON THE BdITIER SIZE OF POLYSILICON-EM4ITIT BIPOLAR TRANSIS7DR

M. Miura-4attausch

Siemens AG, Corporation Research and Development, Munich, FG

It is shown that the current gain increases for reduced emitter sizes of
self-aligned bipolar transistors with polysilicon emitter contact. This
phenomenon is explained by the difference between the polysilicon contact
area and the effective emitter area derived from electrical data.

1. INTRI)CTION emitter sizes with two emitter-diffusion tempe-

In order to achieve high-speed ICs, techno- ratures; 9500 and 900
0 C. SINS measurements give

logies are evolving in the direction of reduced an emitter depth XE of about 15Ohm and 8Or,

critical dimensions and reduced parasitic ele- respectively. Though & is usually shown as a

ments. Present trends in the bipolar technology function of the collector current IC S it is

emphasize polysilicon layers both as diffusion shown here as a function of the emitter-base

sources and to provide self-aligned contacts[1]. bias VEB. With this representation the

Beside the reduction of the inactive base region dependence of IB on 8 as well as the bias

and of the emitter depth, this new technology dependence can be seen. The following features

exhibits new phenomena. The current gain a can are recognized for the ideal region of IB Ic:

be much higher than for the conventional case[2]. (a) A increases with reducing the emitter size,

A significant tunneling is sometimes observed in (b) the tendency is enhanced for the 900
0 C case,

0
the base current IB 33 .These phenomena have been (c) in the 900 C case Q(max) is shifted

explained either by the low carrier mobility in to higher VFB with smaller emitter size.

the polysilicon or by the existence of an inter- 1 . Oc

face. In addition to these phenomena, an unex- f .

pected dependence of il on the emitter size is .E

shown; a increases with reducing the emitter - 2}2

size. To understand this phenomenon, a is mea- 50 4

sured for several differently prepared npn tran- - a %
sistors. The transistors with different emitter /
depth are obtained by only raring the emitter 0 i ;

diffusion temperature, keeping the polysilicon 150 -- 24 90

thickness and the polysilicon doping concent- -

ration the same. With the help of a theoretical ......... Ionia

concept, it is shown that the phenomenon is exp- € .00

lained by the special features of the poly-

silicon-emitter contact. For an economic circuit .. .

design 4 should not be dependent on the emitter
so

size. The consequences for the design of a : =

polysilicon technology are discussed.

2. EASURSET OF THE CURtRWr GAIN G 0  VES V

Figsla and lb show 3 vs. VEB for diffent Fig. 1. A vs V for two emitter-diffusion temp-
ratures.EBkitter mak sizes are in Ma .
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Features (a) and (c) are recognized also for be solved. With approximations that the doping

small stripe transistors (2x4/um 2 , 2x8/um2, etc.). profile is a step function, and that the dif-

The emitter size is described by the mask size, fusion coefficient D as well as the diffusion:

which is larger than the real emitter contact, length Lp are constant within the emitter,

According to the reduction of the emitter size, vd+S coth{XE/L

a reduction of L is expected because of the S(xE) = d/L

large contribution of the peripheral current to E p

IB (see Fig.2)[
4 ].Our measurements show the where vd=Dp/LP. Eq.3 shows that the injected

minority carriers into the emitter can be
opoite tendency; comp n cs of tan s described by a single additional parameter S(xE)
From a comparison of two 2x2/tmi2 transistorsE

to the conventional model parameters
with different diffusion temperatures, it is

concluded that the increase of 3 is mainly due n qVip=qSCxE)~ f (xE e xPC-k-T--

to the reduction of IB' which may be attributed P Def E

to the effect of the interface. If the emitter where n. is the intrinsic concentration and
is deep, injected holes from the base to the Nleff(xE.) is the effective doping density

emitter recombine with electrons in the bulk and including the bandgap narrowing.

are scarcely influenced by the interface. The 3.3. 2D contribution to the current

M4 pictures show that the interface oxide layer By reducing the emitter size the ratio of the

is a little bit thinner than Inm for the 900°C peripheral contribution to the emitter area

case, and is broken and the recrystallization increases. As a result a 2D peripheral current

starts for the 950 0C case. may play an important role Csee Fig.2). An

analytical solution for estimating the current

3. THEORETICAL ANALYSIS within a 2D treatment has been shown by reducing

3.1. Characterization of polysilicon contact the continuity equation to a pair of dual integ-

Due to the reduction of xE, holes do not ral equations with cylindrical coordinates[6].We

completely recombine in the bulk, but arrive at

the interface. The hole current density at the d, =A It

monosilicon side of the interface is modeled by .. -'::::.:.:..:.:... .:::':::':.:n+: Poly

the surface-recombination velocity S [5. oxide

p(x=0) = qS Ap(x=0), (1)
where q is the electron charge and Ap(x-0) is

the excess hole density at the interface. The i a i")

coordinate x denotes the direction vertical to X
the emitter surface. The effects of the _,

polysilicon layer and the tunneling may be =A.,

lumped together in S where the recombination Fig. 2. The schematical cross-section of the

velocity at the interface is the dominant factor transistor.

at bias voltages up to intermediate values.
3.2. ID approximation apply the treatment to the hole flow in the

emitter by ass3ming the emitter-base jnction to
A recombination velocity in the emitter is eitrb suigteeitrbs ucint
Atrecameinti el y iw te e r is have a circular shape. The result is shown in

in cx) iqSx)apx). a (2) Fig.3. It shows the current ratio of the 2D to
p( the ID treatment vs. the device radius r divided

Using the continuity equation for holes with the

boundaryby L for several different ratios of S to vd.
p tFor smaller S the 2D contribution becomes more

velocity at the emitter-base junction S(xE) can enhanced. Usually the polysilicon contact with
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0 2 4
r/L P the difference between the emitter contact area

Acont and Aef f . Acont is expected to be smaller
Fig. 3. The current ratio of the 2D to the 1D than %ff, because of the lateral diffusion

treatment vs. the device radius r
with different Sp values. under the oxide spacer. Since a homogeneous

current density is available in the whole Aeff

inn oxide layer at the interface exhibits S/Vd=l under the 1D approximation, the average Sp is

In this case the 2D contribution should beP simply written

imptant for structures smaller than 2x2 /um2 . S= insu

However for the interface with oxide layer Sp S f Aeff '(5)

thicker than inm (S p-0) the 2D contribution is Ainsu = Aeff - Acont,

not negligible already for the 2x2 urn2 emitter where S p and Sp" are the surface-recombination

size. The dependence of 2D contribution on xE is velocities for the polysilicon contact and for

depicted also in Fig.3. For emitters larger than the spacer areas';" respectively. The estimated

S2x2/um 2 and interface oxides below Inn thick, Sp by assuming Sp"=O is also depicted in Fig.4.

the ID approximation may be sufficient. S is not size-dependent but is constant as we

3.4. k dependence on the emitter size expect. The length d (see Fig.2), which

Fig.4 shows the estimated Sp vs. the effec- describes approximately the lateral diffusion

tive emitter area Aeff derived from electrical underneath the spacer, can be determined from

data at VEB=0. 6 V under the ID approximation for the difference between Acont and Aeff. The

the case of Fig.1a. Since I C is less influenced result is d 170nm for the xEs150nm case.

by the interface condition and has much less The fact that the geometry dependence of a is
peripheral contribution than IB, Aef f is esti- enhanced for the shallow emitter can be

mated from IC . As seen in Fig.2, Aeff is not explained within the same theory. The dependence

identical with the geometrical emitter contact of S(x 5 ) on xE is examined at VB-O. 6 V. The

area. As parameters standard values for device result is shown in Fig.5. By reducing xE an

simulation are used(7].Sp is almost a linear enhancement of the size effect can be seen from

function of Aeff . It is hard to recognize any the steep gradient of S(xE) vs. Aeff.

change of the interface condition according to As seen in Fig.lb the steep increase of A as

the different emitter sizes in TE4 pictures. We a function of VEB has two components: a first

consider that the linear relation may com from increase and a second increase. The geometry
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sizes. The dependence disappears rapidly as

increasing the emitter size. As the size of the
6"10 4

- _ emitter mask area A is reduced, the emitter

--- series resistance increases approximately as a
S(4) 0-' function of I/A. This relationship suggests
cm- or,

00 0- that the interfacial resistance dominates in the
5.1 -,estimated series resistance.

0 °  0: XE -,150nm
0: XEf 8orm 5. CONCLUSION

0 20 40 6'0 It has been shown that A exhibits a geometry

A OOIm2  dependence for self-aligned transistors with the

polysilicon emitter contact, i.e., B increases
Fig. S. The recombination velocity at the with reducing the emitter size. This is exp-

emitter-base junction S(xE) vs. Aeff.  lained by the difference between the polysilicon

contact area and the effective emitter area
dependence of the first increase has been exp- derived from electrical data. For a convenient
lained by the difference between Acont and A eff  circuit design it is important to reduce the
The extreme increase of a for small and shallowi lateral diffusion of the emitter underneath the
structures is owing to the second increase, oxide spacer. The most serious problem of redu-
which also leads to a shift of the maximua ofawhih aleds to a to the masampearof cing the emitter size and the emitter depth is
to higher value of V and to the disappearing the interface resistance. To decrease the con-

of the favorable plateau. In this case a homo- tac i tace re ucTo of the ckne
tact resistance, the reduction of the thickness

geneously distributed thin oxide layer, about in the interfacial oxide layer is important.
inn thick, at the interface is recognized by TEM

pictures. The second increase of B is due to a ACKNOWLEDGEENTS
further reduction of the in en i B  The author acknowledges helpful and valuablei To confirm whether the reduction of IB in thedicsonwtL.Teigr,.Shar,.

B discussion with L. Treitinger, H. Schaber, T.

second increase is due to the exsistence of the Meister, R. Schreiter, and H. Cayer.

interface, the series resistance is estimated
from the drop of I in this region, where the
applied voltage is still below the high injec-

tion region. The result is shown in Fig.6. At [1) T.Sakai,Y.Kobayashi,H.Yamaguchi,M.Sato,T.~~Makino,Jap. J.Appl. Phys. (Suppl. ) ,20, 155 (1981 ).
low current densities the resistance is not

constant but depends on the current for small [23 T.H.Ning and R.D.Issac,IEEE Trans.ElectronDevices,ED27,20S1(1980).

(3] H.C.deGraaff and G.deGroot,IEEE Trans.
200- Electron Devices,ED26,1771 (1979).

2x2 (4) H.-M.Rein Solid-State Electron.,27,625(1984).

[100 2X4 (5] Z.Yu,B.Ricco,and R.W.Dutton,IEEE Trans.
R28 Electron Devices,ED31,773(1984).

.. ,[6] P.-T.Chen,K.Misiakos,A.Neugroschel,and
o o A F.A.Lindholm,IEBE Trans. Electron-- Devices,ED32,2292(198S).

[7] B.Benna,T.F.Meister,and H.Schaber, to be
Fig. 6. The estimated emitter series resistance published in Solid-State Electron.

R vs. A for different emitter mask
sizes gtf1n in M-.
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C4.1.1
The effect of device geometry on IGFET characteristics.

J. A. Serack, A. 3. Walton, J. M. Robertson

Edinburgh Microfabrication Facility, University of Edinburgh, Edinburgh, Scotland.

A novel technique for the fabrication of asymmetrical incompletely gated transistors is described. The subthres-
hold characteristics of transistors fabricated using the technique are measured and conclusions concerning the
mechanisms responsible for the observations are presented.

1. INTRODUCTION 2. EXPERIMENTAL SET-UP

Process designers have been using the primary rela- In order u. control the degree of gate overlap in this
tionship between gate capacitance and gate overlap of the experiment the convenience of self-aligned gates had to be
source and drain for decades to maximise circuit speed by forgone and separate steps used to define the gate and chan-
reducing gate capacitance. However little attention has been nel. A fairly typical LOCOS isolation process was employed
paid to how the correspondly reduced gate overlaps effect until after the source and drain implants were completed.
the D.C electrical characteristics of the transistors. What would have then been the polysilicon gate was

Recently asymmetries in transistor characteristics have stripped away and the contact holes cut. Aluminium was
been encountered [1-31 when the source and drain connec- patterned by reactive ion etching to form the gate and con-
tions of the transistor were reversed. Gaps in the gate to tacts to the source and drain. The process used <100> sili-
channel coverage at either the source or drain end of the con wafers and resulted in the following features; arsenic

channel have been identified as the cause of the asym- source-drains 0.35 1Lm deep, a channel impurity concentra-

metries. The gaps arise from the gate shadow cast during tion of 8X 1016 atoms/cc of boron, 600 A thermal gate

off-axis implantation, (which is universally employed to oxide, and 0.5 p.m thick aluminium gates.

reduce channeling), coupled with a low thermal budget for Although excellent alignment errors of less than 0.3
the subsequent steps of the process. In order to study the Lm for the gate to channel were obtained using a 10:1
effect that these gaps have on transistor characteristics, reduction direct to wafer stepper for the photolithography,
sidewall spacers have been used during source-drain the small gate gaps and overlaps are dictated by the chip
implants together with variations in the drive-in times, to design.
obtain transistors with variations in gap size [2]. The chip layout, shown schematically in figure 1, was

Unfortunately other drive-in time dependent factors, realised using a relational database to first define a single
such as the source and drain depth or the degree of channel transistor and then replicate it to form an array of transs
implant activation, cause variations in the electrical charac- tors. Then algorithms were applied to adjust both the chan-
teristics of transistors fabricated with the above technique. nel and gate sizes and the gate to channel alignment at each
Unpredictable variations between wafers also makes a con- site. This resulted in an array of transistors whose nominal
trolled comparison between transistors with different magni- channel lengths vary across a row from 1.15 to 2.05 tIm
tudes of gaps or overlaps impossible. The uncontrollable and whose gate to channel alignment varied down a column
factors inherent in this approach make it only useful for from 0.75 ILm drain gaps to 0.45 l.m source gaps, in steps
obtaining a qualitative understanding of the effect. This of 0.15 pim. Reference transistors with 5 p.m drawn channel
paper presents a novel technique for the fabrication of lengths and 0.3 pIm overlaps were also included. The choice
transistors with a predictable range of gaps and overlaps of 0.15 1Lm as the step size was made after a previous
upon a single wafer. Measurements performed on transis- experiment showed the metal edge roughness was of this
tors constructed using this method are free from the factors magnitude for 0.5 pim thick aluminium.
discussed above.
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Figure 2 Electrical Characteristics of a I pot long transia- Figure 3 Electrdcal Characteristics of a I pun long trasis-
tor withs a 0.2 jpm drain gap. Figures a-c (top to bottom) tor with complete channel coverage. Figures a-c (top to
are in the subthreshold, threshold and saturation regions. bottom) are in the subthreshold, threshold and saturation

regions.

4. OBSERVATIONS - SUBTHRESHOLD REGION Two generalisations are immediately eviderit.

An important parameter in the sub-threshold region of Those transistors that have a gap in gate to channel

operation is the subthreshold swing 14). It is a measure of coverage near ta~e source end of the channel have an

4 ~ how large a change in gate voltage is required to change the increaed swing that is independent of drain voltage. If the

channel current by one order of magnitude. Figure 4 is a swing for these source gapped transistors (SGrs) is plotted
plot of the nib-threshold swings dependence on the drain relative to the magnitude of the gap a straight line results.

voltage for each transistor in an alignmtent coun That relationship may be useful in Analysis of the gate
fringe fields.
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Figure 4 Subthreshold swing as a function of transistor Figure 5 The drain voltage causing constant subthreshold

structure and drain voltage. The dashed curves are for swing as a function of the magnitude of the DGT's gap.

DGT's with gaps of (top to bottom) 0.50, 0.35, 0.20, and Note: The linear dependence supports equation 1.

0.05 p.m. The solid curves are for SGT's with gaps of (top

to bottom) 0.35, 0.20, and 0.05 Lm. Note: The DGT's are

drain voltage dependent.

The majority of the remaining curves in figure 4 are These have been used to demonstrate that asymmetries in

for transistors with a gap in gate to channel coverage near the subthreshold region of gapped -transistors are caused by

the drain end of the channel. It is obvious that the subthres- the requirement for the uncovered channel region to be

hold swing of the drain gapped transistors (DGT's) is inverted by the fringing field of the gate. In the SOT case

dependent on the drain voltage. It seems to follow a para- the subthreshold swing is consistently increased and was

bolic dependence on drain voltage until the swing reaches a observed to be linearly dependent on the size of the gap.

constant swing magnitude. If the drain voltages at which However the drain voltage dependent swing of the DOT has

this first occurs are plotted against the square of the magni- been shown to be caused by drain depletion widening.

tude of the gap size again a linear relationship becomes evi-
dent, as illustrated in figure 5. This is simply the motion of 6. FURTHER WORK

the drain depletion region into the channel under the influ- This research will continue with consideration of the

ence of the drain field. The slope of the resulting line can saturation region. The fabrication of polysilicon gated

be used to estimate the surface doping concentration using a transistors with smaller step sizes is also planned.

standard depletion width equation [4].
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C4.1.2

The Measurement of Transistor Characteristics Using On-chip
Switching for the Connection of Instrumentation

D Ward, A J Walton, J M Robertson

Department of Electrical Engineering,
Kings Buildings,
University of Edinburgh,
Edinburgh, EH9 3JL,
Scotland

This paper investigates the feasibility of using on-chip switching for the instrumentation used to measure transistor
characteristics. The effect of the switching transistors on the measurements are evaluated by comparing the SPICE
parameters extracted from measurements made via the switching transistors with those derived directly. It is

shown that accurate SPICE parameters can be extracted from process control chips with on-chip switching.

1. INTRODUCTION di

The measurement of transistors is traditionally A
performed by a parametric tester using a switching I

matrix to connect the instrumentation to the 
T3

appropriate pins. Each transistor may use up to four

pads and hence much of the area on the test chip is Test Transistor
T4not occupied by the test devices themselves. Not only V Vds 

are a large number of pads required but as a

consequence, a large number of expensive relays are T2

necessary and these significantly reduce the speed of

measurement. If the switching matrix can be located

on the chip then the pad count can be reduced and

switching speeds increased. This approach has been

used previously to make yield evaluations with contact Figure 1. Circuit using pass transistors for on-chip

chains and transistor arrays when only qualitative switching to measure transistor characteristics.

measurements were required [1]. This paper will

address some of the factors that need to be considered transistors in a voltage sensing circuit would cause no

when quantitative measurements are to be performed. appreciable voltage drop across the pass transistor

provided the gate voltage on that transistor was at

2. SIMULATION OF THE SWITCHING least v, above the voltage to be sensed. This is

TRANSISTOR illustrated in figure 2. However it was found that in a

Figure 1 shows one configuration for measuring current forcing situation, the transistor Ti in figure 1

transistor characteristics. Initial simulation of this limited the current flow in the circuit, saturating at a

circuit with pass transistors as switches for both lower 1,, due to its non-zero source voltage. This is
forcing current and sensing voltage were made using shown in the simulation of figure 3 where current

SPICE [2]. These indicated that the use of pass limiting can be observed for transistor TI. The above
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-. -. 10V 0.36

8v
7 V

6 V Transistor T "
5 V

Transistor T2

0.0 V. at the transistor terminals (Vlts) 10.0 0.0 I, (Amps) 1.8x10 4

Figure 2. SPICE simulation of V. sensed by the Figure 3. Simulated relationship between VA, and 4.
voltmeter plotted against V, at the transistor for the transistors Ti and T2 in Figure 1.
terminals for different values of gate voltage on the
pass transistors T3 and T4.

Figure 4. Module used to examine the performance of pass transistors. It contains two test
transistors and twelve pass transistors.

simulations were taken into account and two test chips ids
designed to evaluate the performance of the switching

transistors. These both contained a number ofA
different measurement configurations, with a range of T2
pass and test transistor geometries. For example, the m
configuration given in figure 4 allows two test
transistors with different geometries to be accessed

using one of the twelve pass transistors, an of which Vd-
have different dimensions. The layout has been ga

designed so that the test transistor characteristics can

also be directly measured to allow the switching

performance of the pass transistors to be evahated.

SFigure . Circuit for measuring transistor3. MEASUREMENTS chraceristis usn only two pass transistors.

The simplest design that includes both current
forcing and voltage sensing pass transistors is shown in different dimensions and compares them with those

figure 5. It will be used in the following made directly on the test tansistor. It can be

measurements to highlight the problems which need to observed that the transistor characteristics in the linear

be considered. Figure 6 shows the characteristics of a region are less sensitive to the dimensions of the pass
transistor measured using pass transistors with transistors since Ti does not limit, the current.
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i ! 4. SPICE MASUREMENS
1.6 Direct IIIwrem -_ 06.  One very sesitive tea o the accuracy of the

measurements is to extract SPICE parameters from- 24:6

1.2 measurements made through the pow transistors and
then compare them with those obtained directly from

.V 0. athe transistor terminals. PARAMEX [3] was used for
these extractions and derives SPICE 2 level 3

8., parameters sequentially without recourse to any
numerical optimisation. As a result all the extracted

. . '. . ,. . o parameters have physical significance and can

V, (Volts) consequently be used for process control.

Table 1 compares the individual SPICE

Figure 6. The effect of different sized pass parameters extracted from direct measurements on the
transistors (Ti) on the measured I,.: V, test transistor and those made through a, pass
characteristics for the test transistor, compared with
the direct measurements. transistor when its gate voltage was set at 9V. The

errors in the characteristics simulated using SPICE

However, in the saturated region this is not the case parameters derived from measurements via pass

and a larger pass transistor helps to obtain a better transistors compare very favourably with those

representation of the device under test. Increasing the obtained when the parameters are extracted from

size of the pass transistors ad infinitum is not a measurements made in the normal manner. This is

practical solution to the measurement. The current illustrated in table 2 where the SPICE parameters have

through the test device is limited because V, of the been extracted from measurements performed for

pass transistor never reaches 5V because there will different values of V, on transistor T1.

always be a voltage drop across the transistor being

measured. Figure 7 shows how the characteristics Measuad throsh
SPICE Meaured at the the paM UaMnStor

obtained with higher gate voltages on the pass "Wow r nninaW (120x6 I&m V5 - 9V)

transistor overcome this problem with the

measurements approaching the true characteristics as lox (W) 8.5 Z 1o 8.5210-8

V,, is increased. X. (-) 1.0 X 10
"  

1.01 X 0

Nb (.-2) 1.0 1015 2.9 x 1015

Direct measurement 9 V V's M 1.03 1.06

&V06v065 V Lde (i) 1.35 10-6  
1.35 x 10-

6

AW (0) 1.46 x 10-
6  1.47 x 10

.

.. (02v'ai 1) 0.085 0.067

I (v"/) 0.051 0.067

v ( "1) .28 x 105 5.69 z 105

0.159 0.134

S 0.367 0.329
0.0 .0 .9 3.0 4.0 .0 .0 .9V,, (Volts) 0.402 0.495

Figure 7. The effect of Increasing the gate voltage of
the pass transletor(TI) on the meaured i,: V,, Table 1. SPICE parameters extracted from direct

characteristics for the tat transistOr, compMed with measurements on the test transistor compared with
the direct m ienlts. those using measurements via the pass transistors.
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Averae m m emror with the
5. CONCLUSIONS

t r W4m, 6129a The results which have been presented illustrate
2.0 113 19.7 18.5 16.2 16.3 that it is feasible to implement a switching matrix on-3.0 6.3 7.2 9.6 7.2 7.2
4.0 2.5 3.0 4.1 30 3.0 chip which can be used to measure transistor
5.0 06 1.3 2.3 14 1.3 characteristics. It has been demonstrated that SPICE

Table 2. Rms error for simulated characteristics parane c be extracted with an accuracy

using SPICE parameters extracted from conventional comparable to those derived using conventional
measurements and via the pass transistors for techniques. This opens up the possibility of process
different values of V,. control chips being measured using equipment with no

Figure 8 shows the variation of K as a function of switchig matrix; the individual devices being
addressed ihrough pass transistors. With fewer padsgate voltage on the pass transistor. This parameter

has been selected since it is the SPICE parameter required, these test chips can be designed to occupy

which characterises the slope of the V, :i, curve in reduced.

the saturation region. From figure 7 it would be
expected that K would increase rapidly between 5v ACKNOWLEDGEMENTS

and 6V and, as the gate voltage is further increased The authors would like to acknowledge the EMF
would, approach the value extracted from direct staff who were involved in the fabrication of the
measurement on the transistor. This is the case in wafers and Dr H Coltman of GEC for useful
figure 8 with the small overshoot being explained by discussions. D Ward would also like to acknowledge
variations in other parameters which offset the slightly financial support from GEC.
increased value of K.
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C4.1.3

A 2D CARRIER PROFILING TECHNIQUE FOR VLSI PLANAR STRUCTURES

C Hill, P J Pearson, B Lewis, A J Holden, R W Allen

Plessey Research Caswell Ltd., Caswell, Towcester, Northants., England, NN12 SEQ

A novel technique for obtaining two-dimensional free carrier profiles with high
spatial resolution has been developed. The technique involves fully automated
anodic sectioning of resistor structures on a special VLSI test chip and computer
analysis of the data. Application of the technique to determination of the 2D
distribution of boron in silicon under an oxide mask edge after implant and
anneal is described, and results at a spatial resolution of 600Ax6OOA and sensi-
tivity of 1017 ions/cc are presented.

Introduction The need for accurate 20 pro- The Test Chip This consists of a 7 layer

cess models for VLSI has been recognised for mask set, 6 of which are shown superimposed in

many years, and interestingly sophisticated Fig.2. In addition to the basic three identi-

software has become available. There is, cal resistor structures, 16x8 microns in size,

however, almost no experimental data at (C, G and K), 9 other variants are incorpora-

adequate resolution and sensitivity to make ted, allowing the effects of implant asymmetry

these models accurate and reliable for model- to be assessed, and the progress of the anodi-

ling of current one micron geometry VLSI sation process itself to be monitored. The

structures. The technique described here has resistors are contacted by four-terminal con-

been under development at Caswell for 6 yrs[1] nections through substrate diffusions and

and is designed for a spatial resolution of doped polysilicon rails to metal pads around

about 1UOAxIOOA and concentration sensitivity the periphery of the chip.

of about 1016ions/cc of dopant.

The principle of the technique is to fabri- Fabrication sequence The mask set is used to

cate identical planar resistor structures, fabricate part-processed stock that contains

electrically isolated from the substrate and the resistor connections and resistor windows.

each other, and to monitor the conductivity In subsequent fabrication steps, the desired

changes as thin layers of different geometries implant and anneal is incorporated in these

are removed from each structure. Mathematical windows and the starting geometry for section-
analysis has shown that with a minimum of 3 ing is defined. One resistor is completely

structures, sufficient data is obtained to protected so that subsequent anodic sectioning

recover the original conductivity distribu- will remove horizontal strips from the com-

tion, and hence by use of published mobility plete resistor. The other two resistors are

data, the ionised dopant distribution. An anisotropically plasma-etched, so that the

example of one such analysis is shown in planar portion of the resistor is removed,

Fig.1. In order to realise this technique leaving the portions under the mask edges.

experimentally, four essential components have The protective oxide mask is then etched from

been developed: a special test chip, a fabri- one of these structures.

cation sequence, a fully automatic anodic

sectioning and conductance monitoring kit, and Automatic Sectioning and Conductance Measure-

a computer analysis programme for conversion ment A computer-controlled anodisation cell

of data to 2D profile. and probe card rests on the 5" slice, defining

and sealing the chip to be measured. A cyclic
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anodisation and etch process, using aIyl phos- the topography was very different from that of

* phate and 15:1 buffered HF, removes 200A thick Fig.l, entirely due to the shallow angle

sequential layers from the resistor struc- (160) of the masking oxide edge (Fig.4) pro-

tures; horizontal (H) planar layers from duced by the wet-etching characteristics of
structure K; vertical (V) planar layers from the photoresist defining layer on the very

structure C; L-shaped horizontal and vertical thick oxide needed to protect against the many

(HV) layers from structure G. Conductance subsequent anodisation-etch cycles. Lateral

measurements on each structure are made and erosion of this oxide during plasma etching

logged automatically at each step, and when removed a portion of the doped silicon and a

plotted graphically are of the fom shown in 60* (rather than vertical) section through the

Fig.ld. structure. Anodisation caused further lateral

erosion, resulting in removal of wedge-shaped

Data Analysis To determine the 20 conducti- (8*) surface sections, in addition to the

vity distribution in the resistor structures, "vertical" sections expected from the V struc-

a region representing a vertical section ture. All these effects were, however, repro-

through the resistor at right angles to the ducible and well-controlled: the evolution of

current flow is divided into a finite matrix the topographies is shown in Fig.4.

of rectangular elements. The sequential sec- Because of these large deviations from the

tions are mapped onto this matrix and original computer model assumptions, manual

different conductances are assigned to each fitting was used initially to produce a self

matrix element until a set consistent with all consistent conductance matrix, based on 600x

three conductance profiles (H, V, HV) is 600A elements. The resulting concentration

found. This can be done manually, or by using distribution is shown in Fig.5, and represents

a computer fitting programme to a generalised a fit to better than 1% to the original data.

2D exponential function with 12 fitting para- An unexpected result from this best fit was

meters(Fig.1c), and a topography mapping rou- the evident loss of boron from the near- sur-

tine which simulates the sectioning topography face region, presumably caused by segregation

with a 6 point linear interpolation routine to the mask oxide.
~(Fig. la and 1b).
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C4.1.4

STATISTICAL DEFECTIVITY CONTROL FOR VLSI
DEVICES

I. Traversini, A. De Lisio, M. Tosi and G. Barbuscia

SGS Microelettronica Via C. Olivetti, 2
20041 Agrate Briansa (MI) - Italy'

A method used in designing test chips for defect monitoring of VLSI processes is presented.
The purpose of the method is to maximize the accuracy of defect density estimations. This is
achieved by appropriate sizing of test chip structures. The optimal dimension of test structure is
computed using a model relating the confidence interval for the defect density D with the sample
size and test structure dimension. The Poisson and negative binomial yield models are used in the
calculation. The application to real life VLSI processes is outlined.

1 Introduction tools (such as control charts), the resulting estimates
of defect densities are compared to target or to trend

Point defects are the major cause of yield losses limits in order to detect out-of-control situations or

in VLSI manufacturing and hence a major concern in to verify the results of yield improvement efforts.

VLSI devices design. Since the use of test wafers is a costly and time

Defects are responsible for localized modifications consuming procedure it is mandatory to maximize the

of the device structure, such as inter-layers shorts, accuracy of each single estimate of defect density.

and may lead to electrical failure of the chip. The aim of this work is to reach the appropriate

The probability for a point defect to produce a sizing of test chip structures which renders defect es-

failure depends on the its size, on the local device timates as much accurate as possible.

structure and on lay-out rules [1].

Monitoring and improving product yield require 2 Test chip structure sizing
tools for detecting and discriminating failures of dif-

ferent kind. This is generally accomplished processing In the following the true defect density will be in-
wafers containing test chips with appropriate struc- dicated with D whereas its estimation D*.

tures for detecting particular types of failure. (As an We will assume that the number of failure occur-

example interconnect snake/comb structures are used ring on a test structure is directly proportional to a
to investigate interconnect shorts and opens.) dimensional feature of the structure, A, such that the

Electrical failure statistics are then collected from product AD is equal to the average number of fail-

test chip testing and subsequentely elaborated to ex- ure detected on the structure. This last statement

tract killer defect densities, actually is the operational definition of D.

The elaboration is based upon yield models re- A simple framework fdr the defect estimation ex-
lating yield figures to defects distribution and device traction is considered. We assume D* values are ob-

geometry [21. tained averaging at lot level the estimated defect den-

By means of standard statistical process control sity D.* of each wafer. This in turn is derived from the

This work has been partially supported by CNR, Progetto Finalizzato "Materiali e Dispositivi
per l'Elettronica a Stato Solido"
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measured yield Y. of the related test chip structure structure.
in the wafer using some yield model. From the definition of D given in the previous

In this work we are concerned with defect control paragraph, in this case A = AD. The yield Y is the
and yield diagnosis; in this context D* is used for probability having no defect and then Y = P(O)
comparison with target values and control limits to e- A.

check the process status. Combining these relations, one can estimate the
The point here is in minimizing the statistical vari- wafer defect density from the formula D. - -ln(Y.)/A,

ability of the estimate D*. This variability depends where Y is the wafer yield. Then, the average defect
on the sample size (the number n. of tested wafers density estimation is D* = (E= " Dj)/n,.

and the number nd of test chip in each wafer) and on Let us define m as the number of failed test struc-
the structure size A. tures in a wafer. In the Poisson model, m is a binomial

D* uncertainty can be described in term of con- random variable with N = nd and p = 1 - CeAD. A
fidence intervals. A confidence interval for D is an confidence interval (pr, p,) for the parameter p can be
interval containing the estimate value of defect den- obtained solving for p and p, the system:
sity and such that the true value of D has a predefined / .)
probability to belong to it. It will be denoted by (Di, w --0 ) (p)'( -p )""-

D), where c is the so called confidence coefficient and
is such that: Prob(D E(DjD))= 1-c ( (p)i(l - p)2- ca

The problem can be stated in the following way: where M = nd V' =(1 - Y:) and cl + c2 = c.
find the value of A which correspond to the minimum From (pi, pc.) a confidence interval for D is calcu-
value of the amplitude (Dc, - DO) of the D confidence lated using the relation D = -In(1 - p)/A.
interval, given the values of nd, n. and c. In figure 1 the confidence interval amplitude A =

This problem will be discussed in the following sec- (DO - DO) versus structure dimension A is shown for
tion. First we present a solution based on the uniform different values of defect density D, as computed using
Poisson yield model, then the more general case of the prevoius formulas. The value of M is assumed
Stapper negative binomial yield statistics is studied, equal to ndn(1 - eAD) and c, = c2 = c/2.

The unit of A is arbitrary, as implied by the def-

inition of this quantity: if the structure scaling di-
2.1 Poisson yield model mension is an area, one can choose cm 2 as dimension

In the Poisson yield model the defect generating unit; as a consequence, D and A on the vertical axis

process is modeled as a Poisson process acting in the are measured in defects/cm 2. The same plot can be

same way on the whole population of chips in the lot. used with linear dimensional unit or for contact de-

The actual behaviour of detect yield losses is gen- fect, whose test structures are measured in terms of

erally different from the simple Poisson case. More number of tested contacts. The plot relates to fixed

complex models are required to describe the observed sample size (nd = 35, n. = 25) and a value of 0.05 is

distribution of detect density. But this model is ap- assumed for the confidence coefficient.

propriate for a qualitative description of the D* con- The plots in figure 1 show the essential trends of

fidence interval as function of A. confidence interval amplitude. For given D, c and
sample size, the amplitude A is large for small values

stucte p i ty tof A and, as A increases, it becomes smaller achieving

structure is: a minimum for a value of A depending on the param-

P(z) = eters of the plot. For larger values of A the confidence
Xi interval amplitude increases.

where p is the average number of defects on the test
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V ship between the espected yield E(Y) and A, ae and Pi
"A in the Stapper case [21. The second is obtained from

0:0.0 the relation Var(Y) - E(Y2) - E2(Y) and evaluating

00.00 ! the integral:
TEST STRUCTURE DIMENSION E(Y:2 ) = (e-A*) 2 fD(z)dz

The average yield and yield variance of each lotf FIGURE 1
are used in solving the equations (1) for a and 6. A

lot estimation of P is obtained solving by iteration the

problem:

2.2 Negative binomial yield model~where:

The same problem can be solved in the case of Ob(z) = (I - 2x)l - 1
Stapper's negative-binomial yield models. These are - n(E(Y))/[ln(E2 (y) + Var(Y))]
based on the assumption of a non-uniform Poisson

process for defect generation. The true defect densi-
ties is distributed on the wafer (or at some other ag-

gregation level) according to the Gamma probability the rres onng)valu of a is te o ted

density function: any of the equations (1) and D = aj9 may be obtained
for the estimate of D for the particular lot.

fD(z) -he statistics of D* is cumulated and when an

r)appropriate sample has been collected the confidence
The true defect density D is the expected value interval of smallest amplitude with confidence coeffi-

of this distribution and it turns out to be D = af. dent equal to c is computed. The calculation is then

Then, the estimation of D is based on the estimation repeated for different values of A.
of the product of the two parameters of the Gamma In figure 2 one curve obtained this way, corre-

density function [3]. sponding to 6 = 0.1, a = 1, nj = 35, n. = 25 and
In solving this problem we turn to Monte Carlo c = 0.05, is shown. The true value of the average

simulation. A SAS based procedure has been built up defect density id D = i,6 = 0.1 defect/(dimension

14] which simulates the defect generation process on unit).
lots composed of several wafers containing test struc- The trend of confidence interval amplitude as func-

tures of given size. The number of defects located on tion of A is the same as in the Poisson case. The
a single structure is extracted from a Poisson distri- minima of A for different values of D correspond to
bution whose parameter is extracted, for each wafer, the same values of A obtained in the Poisson model.

from a Gamma distribution. In the negative-binomial model the value of A in the
This is done for a number of lots. For each lot the same conditions of sample size and structure dimen-

average yield and the yield variance are computed. In sion is larger than in the Poisson case, as expected
the framework of the Stapper model one can easily because of the spread of D described by the Gamma
show that: density distribution function.
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q2O The defect density level to be monitored at each
layer spans between the present level of D and the

Z 0.15 -target level as deduced from the target yield of the

D: 0.1device.

Each test structure has been sized for the lowest0X10i
4A defect density level (the target level) and then inter-

mediate connections have been established to ensureU. 0.05
the availability of test zones of smaller area, whicha
are more appropriate when the defect density is still

0 2 3 4 5 8 "7 8 9 0 higher.

TEST STRUCTURE DIMENSION Given a target defect density >_ 0.01 defect/(dimension
unit), the optimal sizing is achieved for large values of
A. However for A > 3+4 no pratical improvement can

FIGURE 2 be gained increasing the btructure dimension. In this

situation the best choice is between these last figures
and the layer dimension of the device layout. This lat-
ter can be estimated using standard layout extraction

3 Results and applications tools like the MASKAP program.
'When the device layer critical dimension is aroundThe plots in figure 1 and 2 can be used to deter- the above limiting value for A is useful to choose it

mine the optimal structure sizing and to estimate the
as the test structure dimension. Indeed, this choice

relative improvement in accuracy resulting from the as iet cprison Ipdeectricyie
apprpriae chice f A.allows direct comparison of test chip electrical yield

appropriate choice of A. with device yield with minimum scaling factor.

Intermediate zone sizing is driven by the smallest

defect / (dimension unit) or greater), choosing struc-" zone to be defined, which in turn is determined by
' ture dimensions around 2+ 3 dimension units resultstthe highest defect density to be detected. If a start-

* in an improvement of test chip structure accuracy, ing value of about 0.1 defect density unit for D is
, whose extent depends on the defect statistics.wtassumed, this size is found to lie around 1 2 dimen-

On the other hand, in low defect density situation,~sion units.
there isn't a minimum for A in the range of pratical

values for A. The curve steepens for A _< 1, while for

larger values of A it tends to a nearly constant level.
Due to limitation in chip size, the biggest dimension References
compatible with chip area limits is required to achieve
minimal error.Theiml etod o[1] Stapper C. H., IBM J. Res. Develop., Vol. 27,The method of optimal sizing of test chip struc-

ture outlined in this work has been used in SGS in A9 (1983)

the design of a defect test chip for the 1Mbit CMOS [2] Stapper C. H., IBM J. Res. Develop, May 1976,
EPROM device developed in SGS. 228 (1976)

The defect test chip contains a set of structure
designed for detecting failures in the critical process [3] Winter C. L. and W. L. Cook, IEEE Journal of
layers (Active Area, two Poly layers, Metal and con- Solid-State Circuits, SC-21, 590 (1986)

tacts). Oxide layers are not considered because they [4] SAS User's Guide: Basics and Statistics, SAS
are monitored routinely by the meas of specific test Institute Inc., (1985)
chip, on which however the same sizing procedure has

been applied.
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THE PHYSICS OF SLICIDE BASE TRANSISTORS

E. Rosencher, F. Arnaud d'Avktaya PJA Bedoz, G. Glare,
and G. Vincent
Centre National d'Etudes des T6l6communications - BP : 98 - Chemin
du Vieux Chine - 38243 MEYLAN CEDEX - FRANCE

Epitaxial Si/CoSi9 /Si structures can be grown under ultra-high
vacuum conditions. T9e metallic CoSi2 films can be extremely thin
typically between 1 nm and 20 nm. The electrical properties of
these heterostructures are presented, mainly the transport of
electrons in the metallic films parallel to the interfaces and the
transfer of electrons through the metal film. The influence of
pinholes in the CoSi 2 layers will be discussed.

I. Inhaduion
perpendicular transport through the SMS

Thanks to advances in ultra-high vacuum structure will be developed in Sec. IV. We

technology, it has recently become possible to shall describe the current status of the

realize epitaxial Semiconductor / Metal/ Si/CoSi2/Si permeable base transistor in Sec.
V. A brief discussion is given in Sec. VI

Semiconductor (SMS) structures /1, 2/ using a
which tentatively describes the general trends

Si/CoSi2/Si sandwich. The rather small lattice i tenftue resech on etal bas
in the future research on metal base

mismatch (- 1.2 %) between Si and CoSi 2  transistors.

crystals as well as their similar cubic 1 of SYCOSiM heterotuctues
structures allow the production of
monocrystalline Si/CoSi2  and Si/CoSi 2 /Si This section is intended to describe the

heterostructures. These SMS structures open

the way to promising ultra-low base resistance
understanding of transport properties ratherdevices for millimeter wave applications, than to provide an explanation to the growth

In this paper, we intend to review the mechanisms, which is still clearly lacking.

main results on the physics of metal base The morphology observations are made using
transistors (MBT). This latter denomination Scanning Electron Microscopy (SEM),
adresses two different kinds of structures : Transmission Electron Microscopy (TEM) and High
the SMS-Transistor where the CoSi 2  film is Resolution Transmission Electron Microscopy

intended to be continuous and Permeable Base
Transistors (PBT) where discontinuities in the HTe oiw

metallic film are intentionally introduced by ne of the ke o f the gromechanisms is the cleaning of the silicon
nanolithography techniques. Though this paper surface before CoSi2 formation. Up to these

is mainly focused on the electrical properties days, we have used the Shiraki process, the

of these structures, some informations on the details of which are described in Ref. 131 and
morphological quality of these sandwiches are /4/. This process is based on chemical
given in Sec. , which are necessary for the oxidation-etching cycles, leaving a very thin

understanding of the transport properties. In protective SiO. film which evaporates when
Sec. II1, parallel transport in the ultra-thin heated above 750"C. The SMS structures are
metal films will be addressed while the grown in a typical ultra-high vacuum system
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described in Ref. /4/. The surface Cross sectional TEM observations show that, for

crystallinity and cleanliness are checked in a thickness less than 20 nm, the interface

situ by Low Energy Electron Diffraction (LEED) between Si and CoSi 2 is rather smooth, with

and Auger Spectroscopy (AES). Let us note that eventual presence of bowl-shaped CoSi 2

no electronic grade materials can be grown when intrusions in Si, while the CoSi 21vacuum

Carbon contamination higher than 5 % of a interface is much smoother (Figure 1) /8/.

monolayer is present at the silicon surface Plane view TEM photographs of a CoSi 2 /Si

/5/. structure are shown in Figure 2a and b. The

In our structures, CoSi 2 is grown by shape of the Moir6 fringes indicates than

Solid Phase Epitaxy on <111) Si surface. Co strain fields are present in the CoSi 2 layers

layers are electron gun evaporated under a and reflects the 1.2 % lattice mismatch between

pressure less than 5 x 10-8 Torr with the Si and CoSi 2 . Moreover, no pinholes are

sample kept at room temperature and then observable over few square micrometers /9/.

annealed at 650"C (i 25"C) during 10 minutes in

order to obtain the CoSi 2 layers. Other growth

techniques (molecular beam epitaxy, hot

substrates, higher annealing temperatures,

etc.) have led to lower quality structures

/4-7/. Grazing angle SEM and TEM observations

have shown that smooth CoSi 2 layers could thus

be grown for a thickness up to 20 nm. Above

this limit, the metal layers are rough and

discontinuous, leading to a milky aspect of the

wafers /4/.

--4 a)
100 nm

10 ionm b)

10 nm 2 TEM plane view observations of 5 nm
iHl'-VoSi 2 layers (a). The bright field image
evidences the Moir6 fringes (due to lattice

Fiwg. l- Cros-section TEM image of a 5 nm thick mismatch and strains) and the absence of
COST2 layer on Si substrate. One notes the pinholes (b). The dark field image using a
bowl-shaped CoSi, intrusion in Si bulk for an diffraction spot specific of type B grains
otherwise sharp CoSi 2 /Si interface, indicates an equivalent density of both grains

/9/.
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These pinholes, when they are present, appear exposure to air and temperature cycles.

as regions where Moir6 fringes are absent, as Hensel et al were the first to show that

described in Ref. /10/. Figure 2b os a plane down to very low thickness, i.e. 10 nm, the

view TEM observation which stresses the film resistivity exhibits little dependence on

orientation of the CoSi2  crystal relatively to the COSi2  film thickness /12/. These

the Si one in the <111> direction. It is clear thicknesses are much less than the bulk

that CoSi2 is a mixture of two types of grains transport scattering length of - 100 nm as

: type A grains where the Co planes are an determined by magneto-resistance measurements,

extension of the Si bulk planes and type B so that boundary scattering of the carriers is

rains where the CoSi 2 lattice is rotated 180 essentially specular in this system. In order

around the <111> direction relatively to the Si to account for this phenomenon, these authors

lattice /8/. We must stress that some other have used the well-known Fuchs-Sondheimer

groups /7, 10/ have found a great majority of theory, introducing a specularity parameter p

type B grains in their CoSi2 films (> 95 %) : which is the fraction of electrons specularly

the difference in the results of those reflected from the interfaces. The resistivity

different groups is still unexplained, though p of a film of thickness d is thus given by:

the influence of substrate cleaning is most 1
p - p. [1I - 3/2k I f(u) du I

probably playing a major role. 0

Silicon layers are deposited by MBE on with: (u - u3 ) (1 - p) ( - exp(-k/u))

CoSi 2  films at 650*C and doped by Sb f(u) -

coevaporation under a pressure in the 10- 9  1 - p exp(- k/u)

Torr range. Figure 3 is a cross sectional TEM where pm is the bulk resistivity and k the

photograph of a Si/COSi2 /Si heterostructure. ratio of the film thickness d to the mean free

It is clear that the roughness of the path Ae, i.e. k = d/Ae . Figure 5a shows the

interfaces has dramatically decreased, the set of curves in CoSi 2  films for specularity

transition between CoSi 2  and Si material parameter p ranging from 0 to 1 (i.e., from

occurring within one monolayer over long purely diffuse scattering to purely specular)

distances. This effect (we call it compared to experimental data from Badoz et al

"planarisation") is still unexplained. /13/. It is clear that for film thicknesses

Moreover, grazing angle SEM observations lower than 10 nm, the variation of the film

indicate that the growth mechanism of Si over resistivity with thickness is far steeper than

CoSi2  is three-dimensional (Fig. 4), This expected from Fuchs-Sondheirer theory.

results in a high density of sub-grain

boundaries, twins.., in the epitaxial Si layer.

Finally, let us note that HRTEM observations

indicate that, for such small CoSi2  film
thicknesses (( 20 nm), the CoSi2  lattice is

entirely strained in the Si/CoSiq/Si sandwich

in order to fit the Si bulk lattice /8/.

Il. PumM Vrupor In Uol

Because of their ottstanding crystalline

quality, CoSi2  films are ideal candidates for

the study of electron transport in ultra-thin 7 nm

metallic films. Indeed, other possible systems FigJ Cross-section TEM image of aSi/CoSi2 /Si
heterostructure. Note the planarisation of

(like Au on NaCI) are usually unstable against interface relatively to Figure 1 /8/.
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10

if.4SM image of 23 nmthick Si epilayer on o 10 20 30 40 s0 s0
to fCS2(8 nm/iukstructure /11/. CoSI2 FILM THICKNESS d (rn)

Figure 5b shows the values of the a
superconducting critical temperature Tc of

CoSi2 films as a function of thickness.
Here again, there is an abrupt drop of Tc in

CoSi2 films thinner than 10 rim. It has to be
noted that these results are different in

nature from the usual experiments in thin metal
film near the localisation regime (R - h/e2  I

4000 0.). The sudden change in Tc and p occurs

in films with resistances in the 30 0 a range. E

A phenomenological explanation of our results Uri.

is the presence of a layer of about 5 rim at the

SiCoSi2  interface in which the electronic
transport properties are dramatically perturbed

in this region, the carrier mobility is0 A I
extremely low and no superconductivity occurs. Coli FIL THCKES d (on

Co~i 2 flms as funItinNofStdckness

This layer is without doubt CoSp2 , as evidenced

by LEED, AES, TEM and X-ray photoemission b)

spectroscopy mesuemntsa el arbeHl

noted tha these result reisiet difeen mesuea

effect (constant density o aresi hs X a ml sprodci~y ciia

layer). A possible origin for this perturbed thi rness d (1uo.

i~ ~ ~ ~ ~ ~~ ~hcns dn /im it eisa3s/nte 0.rne

layer
could be the presence of magnetic Cobalt atoms In an attempt to observe quantization of

magnetic impurities are indee known to be the metallic electron gas in ultra-thin CoSi2

highly effective in quenching superconductivity film, Tunneling Spectroscopy (TS) has been

as well as being efficient scattering centers performed in degenerate Si/COSi 2  Schottky
for electronic prt diodes (15). Sharp features have been

These magnetic Co atoms could stem from either observed in TS spectra up to high energies (600

i) a small departure from COS' 2 stoichiometry meV). However, thorn peaks are weakly

/14/ or from ii) ill-coordinated iterface Co dependent on the film thickness (see Figure 6).

atoms as evidenced by careful observation of Very recent experiments tend to prove that
HRTEM hotographs 18t those features are due to phonon emission by
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the relaxation of hot electrons in the carrier transport between the emitter and the

dpletion layer of Si. The lack of observable collector is the subject of intensive

quantization may be due to the high value of investigations /16-19/. Two mechanisms may

the electron energy at the Fermi level EF, indeed be involved, with relative weight

leading to a high value of the quantization strongly dependent on technology.

energy uncertainty AEF near the Fermi level

given by

AEF/EF - 2 Ad/d (2)

where Ad is the residual film roughness. For a

ratio Ad/d as low as 1 %, the energy spreading a..---- C. .

is already in the 100 meV range !

CoN., <111 S : P T 4.2K

: 200£ 7 Schematic energy-band diagram of a SMS

transistor in a semiconductor -metal
-semiconductor junction (solid line) and in a
semiconductor pinhole channel (dashed line).
1. Electrons are emitted via thermionic

emission from the forward biased emitter
- P P junction into the metal. A fraction of those

2 - - a) carriers crosses the metal film via ballistic
transport and are collected by the reverse

N<BIO>m:P Ta biased collector junction /16, 19/. This
mechanism is described by the solid lines in

Figure 7.
, .2. Pinholes are present in the metal film,

' in which silicon channels are imbedded. The

ICI w electrons are transferred from the emitter to

! the collector via those semiconducting channels
.. . .. aand the current flow is controlled by the

I.a a ljll m us.
MA OmV barrier lowering in the pinholes (dashed line

N Tunneling spectra of epitaxial CoSi2/Si in Figure 7)/17, 18/.M e junction (a) and of nof epitaxial Aii/Si
junction (b). The main Si phonons are
indicated by arrows /15/. A theoretical model has been developed in Ref.

IV. Peri mlar byraport In SIJ~oSI8 /20/ in order to evaluate the different weights
of mechanims I and 2. The conclusion is that,
for usual doping levels, a single 150 nm radius

pinhole in the metal base is enough to short
The fistevdeceoftrnsstr ffct circuit the whole ballistic transport in a 20

in a monolithic SMS structure has been given by

Rosencher et al in 1984 /16/. Figure 7 shows Vin x 20 pin SMS transistor
It is thus clear that TEM observations,

the energy band diagram of a SMS transistor. which investigate only few square micrometers

This device consists basically in two back to of a device, have no statistical significance
back Schottky diodes. One of these diodes, the

in order to conclude to the predominance of oneemitter, is forward biased, while the other mcaimoe h te.W aetu

one, the collector, is reverse biased. The
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current gain is consistent with the already
* reported systematic difference in barrier

heights Oms between the Si bul/CoSi2 (On -

0.63 eV) and SiepilCoSi 2  (0m, - 0.69 eV)

junctions /19/ the injected electrons are
L .:well above the collector barrier when emitted

from the overgrown Si and below when emitted

from the bulk Si.
The ballistic transport /21/ in

a) mvA
"pinhole-free" SMS-T is described by a mean

aM : free path AB(T), so that the emitter to
collector transfer ratio of electrons is

expected to be

a aoCa.(T ).e- pc (- d/AB (T)) (3)

Al!!rAL aWEMCONDUCTrOR

b) 41,STIMOf , iA

SV c (SOOm /d ) . .\ __ _MAoE FORCE

aIg" ! Common base current-voltage
characstics of a SMS-T with a 7 nm thick
base using either the regrown Si(d) or the bulk
Si(b) as emitter. The measurements are

tperformed at room temperature.

developed an electrical measurement, a
transconductance technique described in Ref.

/17/ and /19/, which allows to measure the

relative weights of mechanisms I and 2. This Fi 9 Electron potential energy versus
technique, based on the screening of the d e from the collector metal-semiconductor

interface. An example of electron backscat-collector potential by the metallic CoSi 2  film tering event is symbolized.

when no pinholes are present, ensures that, in
"pinhole-free" SMS, electron transport occurs where T is the measurement temperature and ao
almost entirely through the metal base. An is the current gain extrapolated to zero metal
independent evidence of the dominant role of base thickness. The departure of oo  from
hot electron transfer through the base in SMS-T unity is due to collector as well as emitter

is given in Figures 8a and 8b showing the losses

f common-base characteristics of a SMS structure
(7 am base thickness) using either the 0 o - c. .q Ge (4)
overgrown (Figure 8a) or bulk (Figure 8b)

silicon as the emitter. The transfer ratios a where cc is the current gain upper limit

are 15 % and less than 10-4, respectively, for associated to scattering in the Si collector,
the same values of emitter current IE (500 pA). .q is the quantum mechanical transmission of
Since the pinhole current must be of the same the base-collector potential barrier and ae  is

order of magnitude in both directions, the the emitter efficiency coefficient /211. The
value 15 % is dearly due to the transfer collector scattering contribution is expected

through the metal base. The asymmetry of to follow:
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c- exP ( %/pb) (5) the base-collector bias. Equation 5 dearly

tSclo eFuholds since VBC-1/4 is direty proportional to
where xm is the position of the maximum of thecollector barrier potential in the image forme xm //. urhroe men repah i

oeiextracted from the slope of the curves and its
approximation and hph is the mean free path in temperature variation is shown in the inset of

Figure 10. The very low values obtained
for ph (2 rm) remain to be understood.

>C2I
OW7K

'-t--- r-

.5 V50*
114  

(VU") 1.1

LAW . IVI* 
M

@a wm() fjg I I Transfer ratio versus base-collector
b! at different temperatures. The mean free
path 

k-h 
deduced 

is shown 
in the 

inset 
as

~~Fg10Transfer ratio versus CoSi9 fnctiooftmear/2.
a-se--ickness measured at 77 K and 300 K infSMS transistor /9/.

Another problem requiring explanation is the
Figures 10 and 11 compare the above theory with overall low values of aO  (- 0.3 at RT)
experiment. Figure 10 shows the transfer corresponding to' alc c - 0.6. The answer is

ratios a obtained on samples with various most probably related to the quantum nature of
values of CoSi2  base thickness, at room the electron. Indeed, the electron energy E l

temperature and at 77 K. Error bars correspond in the metal is in the 5 eV range while its
to the dispersion of values for different value E2 in the semicondutor is in the 50 meV

devices fabricated on the same wafer. The range, i.e. the Schottky barrier lowering.
results dearly show that Eq. (4) is. verified, Consequently, the abrupt change in the electron
with values of Ab of 8 * 1.5 nm at 300 K and 35 wavelength leads to a quantum reflection at the
t 5 run at 77 K. This agreement is in strong metal-semiconductor interface. If the crude

favor of ballistic theory. Moreover, the AB model of the abrupt-step barrier is assumed,
values are dose to the mean free path deduced the quantum transmission coefficient aq is /22/

from resistivity measurements /22/. This
indicates that the same scattering mechanisms aq - 1- [(m2 *El)

1 
-

control both the electron transport dose to
the Fermi level and the hot electron (ml*E 2 )1 / 2/((m 2 *E) 1 / 2 + (ml*E2 )1 /2 )] 2  (6)

relaxation for energies in the 0.7 eV range

above E. where mi* is the effective mass in the ith

Figure 11 shows a versus VBC-1/4 curves, medium. Taking mt1 - I in CoSi2 and m 2 * 0.3taken at different temperatures, where VBC is in Si, one obtains aq - 0.5, which is in fair
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Two ways are possible to imbed
a o,-WMiOW-- semiconductor channels in a metal grid.

1. The first one is to use the natural
porosity of a metal layer on the surface of a

UNS de Ce D" SOROIMIeo semiconductor, leading to a Natural Permeable

t Base Transistor (also called Metal Grid
Transistor /24/). Discontinuous CoSi 2  films

/17, 10/ but also W layers deposited during Si

CVD growth /24/ have been used. However, the.... ._ ....... Ch8f.-..fnO
sn4'--COM- high input capacitance as well as the lack of

um hm control in the geometry of metal openings are

not in favour of such a device.

2. The second way is to define the opening

WIowt by lithographic techniques. Bozler and Alley
k=f, /25/ were the first to realize such a

PnA) structure. They have used W grids of 320 nm

periodicity and CVD deposited GaAs as the

Fig. 12 Main fabrication sequence of semiconductor, though the W/GaAs system is not

epitaxial Si/CoSi2 /Si permeable base epitacfic.

transistor /27/.

agreement with the experimental data of no ~

0.3 taking into account the collector

backscattering.

All these results, as well as those

obtained by Sze and his coworkers /21/, show

that the quantum reflection is a severely

limiting factor for the device interest of SMS
transistor. These results suggest, in order

to reduce this reflection, the use of highly I1 !& 3Backscattered electron
assymmetrical SMS structure, for instance by image in SEM of epitaxial CoSi9
use of two different semiconductors and/or lines, 0.3 pim wide (bright areas-
metals. buried in Si lattice.

Si/CoSi 2 /Si Permeable Base Transistor with
V. SUCVSI90 PuMOl Ban TWAImtOS micronic Si channel dimensions have been

independently obtained by Ishiwara et al /26/
The idea of Permeable Base Transistor and Rosencher et al /27/. Submicron

(PBT) is to take advantage of mechanism 2 Si/CoSi 2 /Si PBT are currently under study in

described in the preceeding section. The main few laboratories. Though the problems of
advantages of this device are: materials associated to epitaxial growth in

submicron structures are far beyond the scope
- For small enough Si channels, PBT's of this paper, we show in Figure 12 the main
behave like thermionic devices so that their fabrication sequence of epitaxial Si/CoSi 2 /Si

transconductance is very high /23/. permeable base transistor. Figure 13 shows the

- There are no fundamental limitations such backscattered electron image in a Scanning

as Quantum Reflection in SMS transistors. Electron Microscope of a 300 nm CoSi 2 grid
- It is easily shrinkable with no problems imbedded in a Si lattice. Electrical behaviour

of punchithrough such as in bipolar transistors, of such PBT's is currently under study.
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A4.2.1

PROCESS AND MODEL OF SHORT - GATE DIFFUSED InGeAs JlF~s
FOR INTBGRATED PIN - FIT PHOTYODETfDLTR

L.Nguyen, M.Allovon, P.Blanconnier, B.Bourdon
E.Caquot, A.Scavennec

Centre National dEtudes des Telecommunications
Laboratoire de Bagneux, 196, avenue Henri Ravera

92220 Bagneux France
Laboratoires de Marcounis CRCGE

Rte Nozay 91460 Marcoussis France

ABSTRACT: Junction Field Effect Transistors with a 1 micron diffused gate have
been fabricated on InGaAs/InP grown by molecular beam epitaxy (MBE).
Transconductances higher than 200 mS/mm with a channel doping level of 2.10
cm"3 have been measured. A compact model for PIN - FET photodetector has been
developed to optimize the signal to noise ratio.

INTRODUCTION

For 1.55 pm optical link photodetection, integrated
PIN - FETs appear to be a very attractive solution in
order to improve the signal to noise ratio and detec-
tion threshold. Integrated with an InGaAs photodiode,
InGaAs JFET is a technological response for this
need. Among the various available devices [1], diffu-
sed or implanted JFETs are easy to process and retain
interest in terms of insensitivity to surface - related
phenomena (surface depletion, surface stability) and in
terms of gate leakage current. FIGURE I

The aim of this paper is to report on the process Structure of the diffuaedJFET
and results on such a short - gate diffused JFET as it
is now developed at CNET. The associated model will tion obtained by a localized diffusion through a SiN
be emphasized in order to enable the design of an mask. The N - type and P - type metalizations are
integrated PIN - FET photodetection circuit. successively aligned with the diffused zone for the

source - drain and gate contacts.
1. InGaAs Zn - DIJFFUSED GATE J - FET
TECHNOLOGY: I.I. IznGAs layer grown by ME

Starting from a InGaAs layer grown by MBE InGaAs layers are grown in a Riber 2300 equip-
(Molecular Beam Epitaxy) on a semi - insulated subs- ment with a rotating substrate holder. Epitaxial
trate, the JFET's process technology gives the growth is conducted at 500 C, with a growth rate of
structure shown on figure 1. The transistor active 1 pm/hr. The cristalographic properties are usually
region is delimited by mesa, the gate is a P -N junc- good with a lattice mismatch less than !5.10- 4 . At a
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doping level of 2. 1016 cm 3 , mobilities of 9000 and .028
24000 cm"Ns are measured at 300 and 77 K respec- .024 Vgs=.8V
tively. A sharp decrease of the electron mobility and
doping level in the InGaAslayer is sometimes observed .020
close to the interface with S.I. substrate. To improve .
the transistor channel properties, an intrinsic quater-
nary layer (GaAlInAs) has been grown as buffer on -.01
several slices. The PET InGaAs layer is typically
doped (Si) at 2.1016 cm' 3 , with a thickness of 1.2
microns. .004

1.2. J -FET fabrication o0 .2 .4 .6 .8 1.0 1.2 1.4

Mesas are formed in the InGaAs layer by chemical Vds (V)

wet etching (H3PO4:1 H202:1 H20:8), with an FIGURE 2
etching rate of 5000 Angstroms/ inn. The diffusion
mask is deposited : 2000 Angstrcexns of SiN by Experimental Id (Vds) characteristics of a I um gate
PE - CVD on both InGaAs mesa and InP substrate. length JFET. W- 200 microns, Nd- 2.10 16 cm" 3 .
Mask opening are realized by plasma etching (CF4).
Diffusion is conducted in a sealed ampoule, evacuated parametrical test of the real devices. An analytical
to 10 7' torr, at 500"C. Zn is provided by ZnAs2. approach has been chosen to permit an easy imple-
The diffusion depth is 0.8 micron. Deposited by elec- mentation on desk computers. The model is based
tron beam evaporation, ohmic contacts are delineated on the classical two - regions model [2], with specific
by the lift -off technique. AuGeNi/Ag/Au contacts for parasitic effects of the geometry of the gate (diffused
source and drain are alloyed by halogen lamp (430" C or etched P - region).
for 10 s). TiAu contact is deposited for the metaliza-
tion gate. The narrowest dimensions are 1 micron 3.1. Cylindrical junction
for the SiN opening, 3 microns for the metalization
gate between 5 microns drain - source spacing. The diffused region section can be represented by a

rectangle where the length is the diffusion mask ope-
2. J-FET CHARACTER=ICIS ning length (1 micron), the width is the diffusion

depth (0.8 micron), and with two rounded parts at the
The best results in terms of transconductance have edges due to the lateral diffusion under the mask

been obtained on enhancement mode devices from a (figure 3). These quasi circular regions induce specific
slice with a doping level close to the interface lower depletion regions whose radius can be computed from
than anticipated. Average transconductance of 175, the expression of the electric field E(r) of a cylindrical
138, 67, 42 mS/mm have been measured for gate junction of radius r
lengths of 1, 1.5, 2.5, 4 microns respectively at a gate E(r) 1 J r constant•r p(r) dr + cntn
voltage of 0.7 V and for a drain to source voltage of to rr ,yJr r
1.4 V. DC characteristics of a device with a 1x300 wherep(r) is the electronic charge at radius - r
microns gate are shown on figure 2. Measurements
of the gate capacitance at 0 V give 0.85 pF for a Assuming Na, P- type doping level higher than Nd
1.5x300 micron2 transistor. Source and drain resis- and with the appropriate boundary conditions, we can
tances are quite low : 0.2 L/mm gate width, with a deduce the potential in the circular depletion region
contribution of the contact r~sistanse of 0.1 12/ mm 4 ,trj'2  L. L . LE 0.5] + o.)
(resistivity contact values 10" fLcm ). Gate resistan- Sw rl , T . -.1 ([ -e
ces are 1 u/mm, with a contact resistivity of 10-5  The lateral extension rdep of this depletion region at
1Jcm . Usually gate junction characteristics show a drain side is controlled by the potential Vgd. If Vb is
negligeable leakage current, about 100 nA at - 3 V. the built - in voltage of the junction, rdep is given by

the equation
3. J - VET MODELLING

Vcyl (re ) •V - VGD

Modelling is required for the PIN - PET structure

and design optimization in order to obtain a high The same procedure is used to compute the lateral
signal/noise ratio. The model can be also used in the extension of the depletion region at source side.
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Lzel 3.4. E poitation of the model

S DG (N) -=, G The model can calculate the two main elements for
4 1. . " the signal to noise ratio Cgs: the gate - source capaci-

*ns N) u ,"'tance and gin: the transconductance. The SIN ratio
_ L_ '__ L_ __ _ 3_ at the input can be written as:

) F( 2 qi SOP] + 4 kT/R * 2 kT r C / I) df

n IS where S is the photodiode sensitivity and P the optical
power. iois the total input leakage current,R the bia-
sing resistor, the channel noise factor and C the total

FIGURE 3 input capacitance (Cdiode + Cfet). For the large
bandwidth envisioned (.IF 1 GHz), the signal/noise

Cross - section of the 2- D depletion region of the ratio is mostly governed by the factor d / gm. Figure
JFET. Lateral diffusion is responsible of cylindrical 4 shows for instance the variations of the minimum

depletion regions at the edges of the diffused gate. detectable power with the channel doping level.

3.2. Channel regions /

As for the basic two- region model, the channel is ,. ,o- '
- -/

shared in two parts (see figure 3) : the first one (LI) . - 1.0%200

where the mobility is constant, and the second one .. ,. 1.0,0

where the velocity is constant. This second part is "- "" 0.fte
shared in two parts also : the length L3 is due to the z
influence of the cylindrical depletion region and L2 is 4.0 10-,'

the length of the saturated channel due to the vertical
depletion region. If zcyl is higher than the vertical
depletion region height (a ud), the length L3 is given gis .
by : L Nd (or- )L3 - (xj + ZcyI)' (x J + au D)Z

Otherwise L3 - 0 FIGURE 4

3.3. Current calculation Variation of the photodetector input noise, assuming a
*capacitance of 0.1 pF for the phototdiode. Parameters

The current Ids is given by the following equation electron mobility (at 10 16 cm'3) - 8000 cm2 /Vs,
VP 3 L. * ,3 saturation velocity 2.5 10 7 cm/s, Vds-4 V. DIds - -- 1 3 ". 2 - 2 " 3)Icls d
Ro LI D S 0 S diffused gate, E : etched gate. x200 : gate dimen-

where Vp is the pinch - off voltage, Ro the resistance sions (in microns).
of the channel, L the channel length, and u S and u
are given by :

IdsRo 4. CONCLUSION
U = 1 -

ECL1 JFET with gate junction made by Zn diffusion have
-Vgs + Vb + Rslds )12 been successfully realized on MBE grown InGaAs

Us Vp ) layers. Values larger than 200 mS/mam for the trans-
Further analysis leads to conductance have been measured on I micron gate

length, enhancement mode devices. The processing
Vha ze VP W 2 . 2 ""D q' 13) technology is compatible for the integration with a

"ha 2-- photodiode. An analytical model has been used to
determine the influence of the transistor structure, and

where Vchan is the voltage drop along the channel, a its parameters such as channel doping level and gate
the channel thickness. dimensions, on the PIN - FET signal to noise ratio.
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A4.2-2

MONOLITHIC INTEGRATION OF A GaInAs JFET AND A GaInks PHOTODIODS

P.J.G. DAWE, D.A.H. SPEAR, G.H.D. THOMPSON and G.R. ANTELL

STC Technology Ltd.
London Road, Marlow, Essex, CH17 9NA, England

Monolithically integrated GaInks/InP? pin/JFETs have been made from LPE grown material.
The method of integration allows the pin and JFET to be optimised independently, while
keeping stray capacitance extremely low. Similar JFlTs have also been made by MOVPE.

1. INTRODUCTION

Monolithic integration of photodetectors 
+ve

and FITs in optical receivers is advantageous dpin Output

for improving the high frequency sensitivity Z _d

by reducing stray capacitance [1] - see Figure of

Figure 1, for simplifying wavelength merit

multiplex systems, for obtaining better C
reproducibility and eventually for openingL

the way to low cost, high performance

wideband multi-channel optical communication

systems. For the low fibre loss

optical windows at 1.3 and 1.5 yam wavelengths. FGR
the conventional detector material of

epitaxial CaInAs on an InP substrate can also pin/FET receiver circuit

be developed to provide a good basis for

pat P Gaet" p InP Zinc diffusion

0

n Qalasr~

Drawng o intgratd pi/FII n~
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Junction Ms. To integrate the two types of wet etches which under cut the metal. The

devices successfully on the some substrate it source and drain contacts (AuGe/i/£u) are

is necessary to find a mans of reconciling evaporated to form self-aligned (Figure 4)

their very different requirements in term of and non-self-aligned JFK?.. A further wet

the thickness and doping level of the etching stage, using a photoresist mask, is

epitaxial layers, and to adapt the diode to a used to isolate the devices. A completed

smi-insulating substrate. We have achieved pin/r to shown in Figure 6.

integration by fabricating the photodiode in

material embedded by LPS growth in SI UaP 121

and combining it with a simply processed JFKT .

which uses additional LP layers of n-type The measurements in this paragraph were

GaInks for the channel and p-type XaP for the made on individual (not integrated) devices.

gate. The drawing of Figure 2 shows one We find a photodiode capacitance down to

convenient way of blending the p-side of the 60 ft. a dark current of 35 nA and quantum

pin diode with the p-InP that forms an efficiency greater than 50IL in the range
1.3-1.5 )am [I]. For the JFETs we find a

extension of the gate of the JFIT, 
using Zn

diffusion. transconductance up to 95 mS/an (Figure 5),

and a Junction capacitance of 1.7 pF/m
(measured at V = 0 on a device with gate

length about 2.5 Vm). This gives a

2. GROWTH creditable ratio C/S of 18 ps - this is a

This structure has been realised by a more valid measure of usabla performance than

two-stage LPK process. The first stage is a transconductance measurement. We estimate

the growth of the n+ InP back contact layer that the internal transit time is about

and the n GaInAs detector layer, and an 15 ps, the channel mobility is over

etch stage to give bars of detector material 6000 cm 2/v.s and the peak velocity about

embedded in the semi-insulating substrate. 2.5 x 107 cm/s. These figures show that

The second stage is the growth of a GaInAs is an excellent material for high

four-layer JFKT structure: speed transistors.

Contact layer: The integrated pin/FgTs processed have

0.1 $os GaInAs, p - 2.1018 -3 had rather lower transconductance and higher

Gate layer: photodiode capacitance than the discrete

0.3 V laP, p = 6.1017ei-3 examples measured, because of non-optimum

Anti-melt-back layer: layer thickness and doping levels. However,

0.05 Vm GaInAsP. X u 1.54, undoped the integration scheme appears not to impose

Channel layer: a penalty on the performance of U s

0.2 pm GaInks, n , 6.101 6 cm-3  components.

Figure 3 shows the good planarity of this Integrated pin/PTs have been mounted on

process. ceramic and back illuminated using chopped

light from a monochromator. A circuit as in

3. PROCSSING Figure 1 was used. A voltage gain of S to 8

A masked zinc diffusion forms the was obtained in transimpedance operation. No

p-electrode of the photodiode. The gate high frequency measurements have yet been

pattern (TI/Pt/Au) is defined by the lift-off made, although we estimate that the JFKr

process. The gate is etched using selective cut-off frequency is over 6 GHz.
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FIG=R 3

Four-layer FET growth on embedded pin structure

p-GaInAs

S JnP, p 6.1017

SJ-JnP

GaInAs P
GaInAs, n - 6.1016 11M

FIGURE 4

Cross-section of self-aligned JFZT

H MWE-grown 3FSTs show similar

5. NOYPE JFET performance to the LPN-grown devices.

We have also realised the same JFST

design (without the anti-melt-back layer) by ACKNOWILEDrnIKT

amYps and the resuits are very similar. This This work to supported by the NEC through

work is at an early stage and such J M s have ESPRT Project 263.

not been integrated with photodiodes.

UFVHRECS

6. CONCLUSION

Pin photodiodes and Galnks/InP JFlTs, III Smith, E.G. and Personick, S.D.. Receiver
design for optical fiber co mannication

both specifically designed for integration, systems in: Iressel, A. (ed.)

have been made by an LPZ-based process and Semiconductor Devices for Optical
measredandshowgoodperormace.Coemunication (Springer-Verlag, 

Berlin,
measredandshowgoodperormace.1982).

integrated pin/ Ms have been made and 121 Dave, P.J.0., Spear, D.k.E. and Thompson.

tested. It appears that the integration G.H.3., Planar embedded GaInAs photodiode,

scheme does not degrade the performance of on semi-insulating InP substrate for
monolithic integration, Elect. Lett. Z

the individual components. pp. 722-724, 1986.
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Transfer characteristic of self-aligned JFlT
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A4.2.3

InGaAs InP SANM Photodetectors Fabricated by Structure Controlled Accentor Diffusion

E.KOhn, N.Kl~tzer, H.W.Marten, A.Schmiech

4. Physikalisches Institut der Universitt Stuttgart
0 - 7000 Stuttgart 80, Federal Republic of Germany

The Cd-diffusion at InP/InGaAs heterojunctions was investigated by C-V profiling of
p-n junctions located on the InP-side close to the heterointerface. A comensated

ayer in front of the heterojunction is observed. Reducing the distance p-n junc-
tion-heterointerface decreases the width of this layer causing a distinct drop of
the breakdown voltage of the junction. This effect is used to realize SAN APO's with
guard ring by a structure controlled modulation of the distance p-n junction-hetero-
interface. Avalanche gain up to M - 15 is achieved. The breakdown voltage in the
multiplication area is at lea 1. smaller than in the guard ring area. A back-
ground doping level ND-2-3.10Locm-- in the InP-layer is required for optimum de-
tector operation.

1) INTRODUCTION ceeded in preparing guard ring APO's by a single,

Designing efficient InP/lnGaAs SAN avalanche structure controlled diffusion process.

photodetectors for long wavelength optical fibre

communication (1.3-1.6pm) (1] requires a well 2. Cd-DIFFUSION PROFILES

defined optimization of the detector stucture. An For homogeneous III-V compounds such as InP

important topic of design is the electric field with background doping levels ND < 5.10 16cm3
distribution within the absorption and the the acceptor diffusion leads to p -p-n structures

multiplication layer. In order to ensure suffi- [9]. The impurity profiles reveal two diffusion
cient avalanche gain the minimum electric field fronts i.e. a steep decay of the acceptor concen-

strength E - 4.5.105V/cm has to be achieved at tration at the ;,+-p junction with an adjacent

breakdown voltage in the InP layer [2,3]. How- slightly graded (error function shaped) impurity
ever, in order to keep tunneling currents from tail.
the ternary layer negligible the electric field In the case of p+-p-n junctions located close

must not exceed 1.9.10 V/cm at the heterointer- to abrupt InP/InGaAs heterojunctions drastically
face [4,5]. different impurity profiles are observed which is

Surface leackage currents and surface break- briefly outlined below (for a detailed discussion

downs can be avoided by a so-called guard ring see [10]). Fig. la shows the apparent carrier
which is mostly realized by a double diffusion concentration profiles of p-n Junctions with the

process [61, or diffusion through a SI0 2 barrier p+-p Junction located 3.Spm, 2.2pm, 1.8pn, and
[7], or the so-called self-guard ring effect [8]. 1.5pm in front of a InP/InGaAs heterojunction.

However, in the case of p-n junctions prepared The profiles (fig. 1b) were obtained by C-V pro-

by acceptor diffusion close to the heterointer- filing of mesa diodes prepared from a Cd-diffused

face there is a lack of detailed knowledge con- InP/InGaAs/InP heterostructure with a bevelled
cerning the exact Impurity profile. Thus the de- InP top layer. Due to the steep slope of the
sign of efficient detector structures is rather impurity concentration at the p+-p junction these

difficult. In this work we report on the influ- profiles actually represent the net carrier con-
ence of InP/InGaAs heterojunctions on Cd-dif- centration on the n-side of the p-n junction.

fusion profiles. Based on these studies we suc- The profiles reveal a low net carrier concen-
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tration compensated to approximately 1/5 of the
1) background doping level (profile 1, region a)

followed by a steep increase nearly up to the
1016 -background doping level (region b) which is

caused by a decay of the Cd-concentration in
front of the heterojunction. The position of the
heterointerface is determined by comparing these

01" n(x) profiles with non-bevelled mesa diodes where

2) 0the accumulation and depletion layer of the

1016 heterojunction can be clearly identified. Within

1100 athe ternary layer (region c) the net carrier den-

Isity is equal to the background doping level. The
compensation factor mentioned above depends on

.the background doping level and decreases to 1/2
015 for N0 - 2.10 16cm"3 . With decreasing distance

0 p+-p junction - heterojunction (profiles 2, 3,
and 4) the width of the compensated region a de-

I16 Icreases from 3.0pm to 1.3an whereas the net
I mcarrier concentration gradient increases from

'I 5-1018cm-4 to 8.1019Cm'4. Thus a reduction of the

breakdown voltage has to be expected in analogy

015 J to a p+-v-n junction with decreasing v-layer
4) width. This correlation between Cd-impurity pro-

files and breakdown voltages might also explain

01i / the 'self-guard ring' effect reported in [8].

3. SAMPLE PREPARATION
I SAN avalanche photodiodes with guard ring were

1015 -  InP fabricated using InP/InGaAs double heterostruc-
I I tures: S-doped substrate, 4.5pm LPE InGaAs layer

1.5 1.0 0.5 0 (ND - 2-10 16cm-3), 5.1/mi VPE InP layer (ND -
DISTANCE FROM HETER0JUNCI0N (10-cm] 1.5.1016cm-3). In order to prepare guard ring and

b) pmultiplication area simultaneously by a single

diffusion process, cylindric cavities (diameter

S60pow, depth 1.5/p) were etched into the InP top
layer (H2S04 :H202:H20 - 8:1:1, 600C). Afterwards

different diffusion experiments were carried out

hIP SUU5IWTE 1 at Tdiff - 6100C using a Cd3P2 + P4 source. The
diffusion time was varied in the range 40mtn <

Figure 1 tdiff 60mn. Due to the surface structure the

a) Net carrier density profiles of mesa diodes diffusion front Is located closer to the hetero-
prepared by Cd-diffusion into an InP/InGaAs/InP interface below the cavities. Thus the breakdown
sample with bevelled InP top layer. Profile 1-4:
(mean) distance pp-junction - heterojunction de- voltage Vb of this (multiplication) area Is re-
reasing from 3. .to ./1. InP background duced compared to Vb of the surrounding (guard
oinm, levelling angle 90.26. tdiff ring) area. Since the breakdown voltage and

b) Schematic cross section of the sanle. therefore the multiplication properties are ex-
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Figure 2 o 1o 20 045 6o

Schematic cross section of a guard ring SAN APO. REVERSE BIAS VOLTAGE M

Dashed line: p-n junction. The reduction of the
distance p-n junction - heterointerface below the
cavity results in a decreased breakdown voltage Figure 3
(multiplication area). Photocurrent multiplication versus reverse bias

for different distances p+-p junction - hetero-

tremely sensitive to slight variations of the Junction (tdiff-
40min, Wm, and 60mm).

distance p-n Junction - heterointerface, the

uniformity of the avalanche gain essentially de- face. Simultaneously the breakdown voltage de-
pends on the flatness of the cavity bottom: with creases from 57V (tdiff - 40mn) to 37V (tdiff -

the above given H2S04 -etchant the uneveness is 60mn). The dependence of the breakdown voltage

restricted to the range A < 70m. After evapo- on the distance Ad between the p-n Junction and

ration of ohmic contacts APO's were prepared by the heterointerface was found to be very sensi-
etching concentric mesas around each cavity (dia- tive for low values of Ad (fig. 4).

meter 10Om, HBr:H 202 :H20 - 10:1:10, see fig. 2).

4. DEVICE PROPERTIES stoo.
Avalanche gain up to N - 15 is achieved W" "

(tdiff- 40min). With increasing diffusion time

the maximum multiplication factor decreases to

N - 3.5 (tdiff - 60min) presumably caused by a

higher voltage drop across internal series re-

sistances due to increasing dark currents (11].
The absence of local breakdowns (microplasma 0 1.0 1: 5 2: 0 2.5

effects) was proved by spatially resolved photo- DISTANCE FROM HETEROJUNCT1ON (Wm]

current measurements as well as noise measure- Figure 4
ments in the 100kHz - WIMz frequency range re- Dependence of the breakdown voltage on the dis-

vealing white photocurrent noise and multiplica- tance p*-p junction - heterointerface.
tion noise spectra.

The high frequency response was measured using For all saples the breakdown voltage of the

a Nd:YAG laser (I - 1.06pa,, 120ps pulse length), multiplication area proved at least 40% smaller
Pulse rise times r I 125ps and half widths capared to the guard ring area. Further enhance-

Ar < 165ps are achieved at N - 4 (tdiff - S0mtn). ment of the maximum avalanche gain without loss

Typical photocurrent-voltage characteristics of the guard ring effect should be achieved by
for the three different diffusion series (tdiff - increasing the distance p-n junction - hetero-

40mtn, S0mtn, and 60mtn) are shown in fig. 3. As interface in the multiplication area.

predicted in chapter 2 the onset of avalanche

multiplication is reduced to lower voltages with S. DISCUSSION

decreasing distance p-n junction - heterointer- As mentioned above sufficient avalanche gain

9S3
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requires E 2 4.5.10V/cm at the p-n junction, heterostructures leads to a compensated layer in
i.e. the charge density a - 3.10 12c "2 has to be front of the heterojunction. Reducing the dis-
depleted from both the InP and the InGaAs portion tance p+-p junction - heterointerface decreases
of the space charge layer. In order to avoid sig- the width of this layer and simultaneously re-

nificant tunneling currents the charge density duces the breakdown voltage. SAM avalanche photo-

depleted from the InGaAs layer must not exceed detectors with guard ring were realized utilizing

a - 1.10 12 CM2 [12]. Fig. 5 shows the apparent this effect. Due to the compensated layer an InP
background doping level ND - 2-3.1016cm"3 is re-

9" 10 - M quired to avoid tunneling currents from the ter-
Enary layer.
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A4.2.4

MONOLITHIC INTEGRATION OF A Go In53APHTCNUORGsRI
WAVEGUIDE A SIMPLE DESIGN DEQIR 0.53 As PHOTOCONDUCTOR WITH A n-n GaAs RIB

F.MALLECOT, J.P.VILCOT, D.DECOSTER, M.RAZEGHI*

Centre Hyperfr6quences st Semiconducteur,
UA CNRS 287, Universitd des Sciences et Techniques de Lille Flandres-Artois
9655 Villeneuve d'Ascq Cedex, France.
Laboratoire Central de Recherches, Thomson-CSF, Domains de Corbeville
91401 Orsay Cedex, France.

We report the first fabrication of an optoelectronic integrated circuit constituted of

a Go Inn As planar photoconductive detector (suitable for 1.3pn - 1.55pM
wavehiARth RAical communication systems) associated with a n-/n GaAs rib waveguide.
The capabilities of such a device to detect a part of a light propagating inside the
waveguide are experimentally demonstrated.

Photodetectors directly integrated with

optical waveguides are basic devices for

optoelectronic integrated circuits (O.E.I.C.'s).

Several structures have been previously

proposed in Si, GaAlAs/GaAs, GaInAsP/InP (1]

and more recently in GaInAs/InP (2],

GaInAlAs/InP (3].

These last devices can be used for 1.3-

1.5pm wavelengths signal detection.

Nevertheless, it is well. known that problems

occur for the fabrication of field effect

transistors on InP substrates. As a

consequence, we present an other original

solution whicr consists of the fabrication of

a Ga0.4 7 In..5 3 As photoconductive detector tt"
integrated with a GaAs rib wveguide using a 4"1 _-

GaAs substrate. The rib waveguide is made on a

classical n-/n+ GaAs homojunction.

A schematic view of the device is given in 0"s i

Sfigure 1. The optical wa,.aguide is constituted

of an undoped GaAs layer grown by M.B.E. on a

n type highly doped GaAs substrate; the ib

waveguide is obtained by an ion milling of FIGURE 1

1.2W of the undoped epilayer. The dimensions Schematic views of the device.

of the rib (6;m x 1.2M1.) and the undoped

~eplayer thicknes (4a) have been calculated

in order to provide a monoode propagation for GaO. 4 7  no 0s 3 As layer (about lij thick) is

1.3L-1.5is' wavelength optical signals. A deposited on the undoped GAs layer in order
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to fabricate the photoconductive detector.

This strained heteroepitaxy is grown by 1ph

L.P.M.O.C.V.D.. Because of the higher

refractive index of the GaInAs top layer, the
100-

propagation modes inside the GaAs optical

waveguide become leaky and the light can be

detected by the GalnAs photodetector. Two

ohmic contacts are deposited on the GalnAs

layer to fabricate the electrodes of the

photoconductor. The electrode spacing is 50pm. 10

The GaInAs layer has been etched (ion milling)

down to the undoped GaAs layer except for the

area corresponding to the photoconductive

detector. A photograph of the device is given

in figure 2. 1 I

0 1 2 V(vt)

FIGURE 3

Measured photocurrent when light is

propagating inside the waveguide (PI=220&M).

also been studied. As an example, we report

the measured photocurrent when the light beam

is shifted along an axis perpendicular to the

epitaxial plane (figure 4); the highest

photocurrent is observed for the maximum

coupling.

A parameter which characterizes the

FIGURE 2 photoconductor is the gain [ 4]; it is the

number of electrons collected in the external

Photograph of the device, circuit for one incident photon. In figure 5,

we show the gain of the photoconductor versus

The capabilities of the device to detect a bias voltage when the light is impinging on

part of the light propagating inside the the top.

waveguide have been tested. First, we present, It can be observed that the gain increases

in figure 3, the steady state photocurrent when the bias voltage increases, corresponding

when the light (supplied by a 1.06Wn YAG to a decrease of the transit time Tt of the

laser) is focused, via a microscope objective, electrons, according to the expression of the

on a cleaved edge of the waveguide. gain G = I,, / 
'V (5I (61 . T is the electron-

By the comparison between these values and hole pair lifetime whose value could be

those obtained when the light is impinging on connected to trapping effects at the Ga0 .4 7

the top of the photoconductor, the ratio In0. 53 As! GaAs interface. The low value of

between detected light power and propagating the gain, as it has already been observed

light power has been found close to 10%. The [7],is explained by a short lifetime TO as

influence of the coupling between the light it can be observed on the picosecond response

beam and the cleaved edge of the waveguide has (figure 6). This result indicates that this
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Gain of the photoconductor versus bias voltage
when the light is impinging on the top.
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FIGURE 4

Measured photocurrent when the light beam is
shifted along an axis perpendicular to the
epitaxial plane.

detector could be useful for gigahertz

receiver applications. FIGURE 6

The noise properties of the photoconductor Picosecond response of the photoconductor.

have been investigated in the lOMHz-1.SGHz

frequency range using a HP 8970A noise figure

meter. Our experimental results (figure 7)

show a high 1/f noise for frequencies lower In conclusion, our results show that it is

then 1OOMHz. As it is commonly observed in possible to fabricate photoconductors

III-V materials Ee] it is reduced for higher monolithically integrated with rib waveguides

frequencies, to be close to the thermal suitable for 1.3-1.55M wavelength operations

(Nyquist) noise. using GaInAs/GaAa strained heteroepitaxies.
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WE mim AM POCEIN Op In~afe/InWaAlBm/InP NONOLITlICAL INTMATED RIDE WAVEWIDE
PNOTODIOOEM

Piero CINGUINO, Fernando GENOVA, Cesare RIGS, Carmelo CACCIATORE and Alessandro STANO

CSELT - Centra Studi e Laboratori Telecoaunicazioni S.p.A. -
Via G.Reiss Romoli, 274 - 10148 Torino (ITALY)

The molecular beam epitaxial growth of high quality InGaAlAs/InP and its application to low
loss passive optical waveguides and waveguide-integrated photodiodes for operation at 1.65
pm iS described. The chemical etching characteristics of the layers were optimized in order
to fabricate low loss (2.2 d5/cm) ridge waveguides. Integration of the waveguldes with an
InGaAs pin photodiode is demonstrated using absorption of the guided light by leaky
coupling from the InsaAlAs guiding layer into the higher index TnOaAs absorbing region con-
taining a p/n junction. The devices showed external quantum efficiencies as high as 20% for
operation at 1.55 um wavelength. This is the first demonstration of a monolithic integrated
waveguide device in the InGaAlAs/InP material system.

i. INTRODUCTION intensity of photoluminescence spectra and

Monolithic integration of optical and their full-width at half maximum (FHMH) as

optoeletronic functions on a single chip is a described elsewere E2]. The composition with

strong requirement for the development of bandgap 1.29 pm used in devices fabrication

lightwave communication systems at the wave- showed defect densities as low as 2000 c - 2 ,

lengths of 1.3 and 1.55 gM [1]. A basic com- with a 4K full width at half-maximum (FWHN) of

ponent for such circuits is a photodiode 23 .sV and double crystal (OC) x-ray profiles

* directly integrated with an interconnecting with FWHK of 17.5" of ore, with background

low loss waveguide to provide either an end- doping levels as low as 3 1015 cm-3 (2].

line or a monitor detector. Several applica-

tions are, for example, laser-monitor detector 1nGaAs

integration, end-line detection in wavelength ". F.W.N.M.012.48"

demultiplexing or in heterodyne optical cir- 0.

cuits, in-line monitor detection for feedback -. I .6.10- 4
A. 0.666* -

operations. Here we report on MUE growth of 0.6 InP

high quality InGaAlAs /InP and its application F.W.H.M.10. 1"

to low loss optical waveguldes and monolithi- -~0.4

cal integrated weveguldes photodiodes for

operation at 1.65 M. 0.2

2. InGAlAs NE GROWTH 0.
0 60 100

High quality InGaAlAs/InP layers with *(sec.of are)

bandgap 0.86"g (InAlAs), 1.0421Am, 1.29pm and

1.63pa (InGsAs) were grown in a VOSOH twin Fig. 1 - X ray DC profile for a ternary InaAs

chamber 1BE system with continuous substrate layer

rotation, provided with an interlock for the

fast reloading of the arsenic contained in a InGaAs/InP heterostructures showed s 4K

cracker cell. The determination of the proper photoluminescence FNM' of 6.1 .eV on 2.5 Wm

growth conditions was obtained opta.isng the thick n-doped samples,with a DC x-ray FWHM of
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12.48" of arc as shown in Fig. i, which is the ridges made on the quaternary composition with

narrowest linewidth ever reported for this bandgap 1.042 jm. To integrate the ridge wave-

, material (2]. guides with an InGsAs photodiode we used the

structure schematically illustrated in Fig.2.

3. DEVICE TECINOLOBY AND RESULTS Absorption of the guided light is provided

To test waveguiding in InGaAlAs/InP at 1.55 by leaky coupling from the quaternary guiding

am, ridge waveguides were chemically etched on layer into the higher index InOaAs absorbing

quaternary layers with bandgap 1.2 m. A de- layer. The use of the ridge structure 'ias the

tailed study of the chemical etching characte- advantage of not requiring regrowth onto non-

ristics of (001) oriented InAlAs/InP and planar substrated or localized growth of the

InGaAs/InP heterostructures was previously absorbing InG As material. The layers sequence

carried out (31, in order to define the best consists of a 2.5 iam thick undoped InGaAlAs

conditions for waveguide morphology and to ca- layer with bandgep 1.29 Wim, followed by an

librate the etch rates for devices fabrica- undoped InGaAlAs layer with a thickness of

tion. The etch rates and the etch-revealed .5 gim and then by a 2.5 im thick p+ InGaAs

planes were determined on stripes oriented a- layer.

long the (110] and [110] directions and on The device structure was defined by first

circular mesa structures for the H3 PO4 : 14202 etching the photodiode masa through a Si 3 N4

H2 0, H2 SO4 : H202 : H20 and Or2 - Cm3CQON mask down to the InGaAs/InGaAlAs interface

etching systems. Similar etching characteri- with a H3PO4 : H202 : H20 1:8:40 etching solu-

stics were obtained for the IneaAlAs/InP tion. Then the ridge waveguides were etched

quaternary layers. Losses as low as 2.2 dB/cu through - photoresist mask with a ridge step

at 1.55 pm were observed on ridge structures of 1 Im. Finally, the top contact geometry was

grown both on n and semi-insulating InP defined, and the structure was passivated with

substrates [4]. Low loss waveguiding (<5 photo-CVO Si 3N4 (5]. The top contact was made

dB/cm) at 1.3 and 1.55 pm was also observed on in an external lateral pad, in order to bond

InGaAlAs
QUATERNARY InGaAs (n-) InGaAs (P*)
GUIDING LAYER (n-) DETECTING LAYER DETECTING LAYER METAL TOP CONTACT

SILICON NITRIDE
PASSIVATION

InP SUBSTRATE 0n
1
)

CLEAVED FACET

METAL BOTTOM CONTACT

Fig. 2 - Schematic layout of the waveguide integrated with the PIN detector
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the devices outside the photodiode mesa. A 4. CONCLUSIONS

scanning electron micrograph of a mounted In conclusion, we have demonstrated the

device is shown in Fig. 3, showing the lateral first integrated waveguide device in the

contact pad geometry and the cleaved facets of InGaAlAs/InP material system by integrating a

the ridge waveguide. low loss InGaAlAs ridge waveguide with an

InGaAs photodlode for operation at 1.5"i.

This demonstrate the potential of nGaAlAs for

the development of high quality waveguide

devices for integrated optics applications.
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by reducing the photodlode dimensions to 247

obtain low capacitance diodes for high speed [6] Bowers J.E. and Burrus C.A., Electron.

operation (6]. Lett. 22 (1986) 906

961I.



Session B4.2

Bipolar Modelling
II

Chairman: H. C. De Graaff

ThursdaySeptember 17,1987



B4.2.1

A New Simple Analytical Evaluation of Minority Carrier Current in
Arbitrarily Doped Region with Non-thermal Generation of Carriers

C. R. Selvakumar and D. J. Roulaton

Deptartment of Electrical Engineering, University of Waterloo, Waterloo, Canada N2L 3Gl

A simple general analytical solution to the minority carrier transport equations in an arbitrarily doped
semiconductor (Si, GaAs, and InGaAsP) region is obtained by including an arbitrary non-thermal source
term in the continuity equation. Internal quantum efficiencies resulting from AMI illumination in gaus-
sian doped silicon emitters are calculated by the new analytical expression and compared with "exact"
computer calculations.

1. Introduction. minority carrier diffusion length in the semiconductor.

Evaluation of minority carrier current in a semicon- Recently Del Alamo and Swanson [2] have experimen-

ductor region in the presence of external generation is a tally measured the product p.D, and diffusion length L,

classical problem. When the semiconductor region in N-type silicon as functions of doping. We have

wherein generation takes place has doping gradients and plotted the ratio D.p 0 /L, as a function of doping in Fig.

has been moderately or heavily doped (as for example in I and we find this ratio to be essentially a constant [1].

emitters of solar cells), an analytical evaluation of

minority carrier current in such a region becomes 10
7

extremely difficult and invariably one resorts to numeri-

cal methods of solution because the lifetime, mobility

and bandgap become position dependent. T cs 2.6 x 10 FOR 300 K

Taking into account experimentally determined dop-

ing dependencies of lifetime (SRH and Auger), bandgap -j

narrowing and mobility we have obtained for the first 106_ C
S 

r.16
4 

1 105 FOR T - 292 K

time a simple and yet a general analytical solution to

minority carrier transport equations in an arbitrarily -- - -I- - - - --0 0

doped semiconductor (Si, GaAs and InGaAsP) region by I - Cs. 5.2 10 FOR 290 K

including an arbitrary, non-thermal generation of car-

riers such as due to light, e-beamn, x-rays etc. This solu-

tion is useful for numerous applications in solar cells,

photo detectors etc. g0 0 19

DONOR CONCENTRATION, ND (cme 3 )

2. Theory
FIGURE 1

A new relation between transport parameters is The newly defined quantity DppwlL plotted as a func-

recognized [1] and is used in deriving the analytical solu- tion of donor density ND in silicon . The product Dppo
tion; the new relation being and L, are experimentally determined by Del Alamo

and Swanson [6]. The lines are from references 4 and 5.
- - constant (1)

where D is minority carrier diffusion coefficient The experimental data of Del Alamo and Swanson 12]

(m = n or p to denote electrons or holes), m. is ther- used in calculating this ratio in (1) were obtained at

mal equilibrium minority carrier density and Lm is 292"K. The value of C. at 300'K plotted in Fig. I.
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was determined by fitting independent lifetime data, of The boundary conditions awe
other workers as shown in (4-51 and the value of 0, as
292 *K plotted in Fig. 1 was determined merely by V(u) -0 (12)
interpolation. Am smen in Fig. 1, this value of 0,

*(292 *K) is found to be a remarkably good fit of the 4()-q.m()()(13)

relation (1). where S1. is the recombination velocity of minority car-
This relation had been found to be true for GaAs sand riers at the contact (x -0) and the junction is asumed

lnGaAaP anwellI4. Using (1) we obtain minority car- tobe at x w.
rier transport equations in terms of the normalised

excess minority carrier density u( = rn/n; mn is exces

minority carrier density) as follows 10

1J. I-,qc.(2)

dd L. du u _ z 0 ()
L.dz ds La C. L.(3

The general eolution of the continuity equation (3) ueingZ
--- DEL ALAMO-SWANSON [6]the standard boundary conditions given in (12) and (13) 0- NEW ANALYTICAL SOLUTION

is 0 'EXACT'COUPUTER
Z SIMUJLATION BY

DEL ALAMO-SWANSON (6]

0.11

(B(x) + BljcoehKi(x) (4) 0.1 1.0 2.0

and threforeEMITTER THICKNESS QIlm)

IJ.(s)I-qC. ((A(s)+Ad~coshKi(z)+ FIGURE 2
Comparison of the new analytical evaluation of internal

{B(z)+BuleihKi(z)J (5) quantum efficiency with the "exact" computer solutions
of Ref. 6. The dashed curve is due to the analytical

whee Ax) nd ~x)aresimle nteral inolvng on- method of Del Alamo and Swanson in Ref. 6. Silicon
erA s) rand () aroe simpeleitegracinovien gaussian emitters with surface doping density

eraionrat G~) ad oe hperoli fuctin o Kss) ND - l01cm-3 and background p-type doping density
and A, ad B, are constants as follows: of Nb - l016cm-3 are assumed. Surface recombination

A~z)= 1G,*&K0,)d (6) velocity for holes S. - 10cm/s.

B(s) - 1 jG0,)siahIiX~d) (7) 3. Results and Discussion

A(wWaihKi(v)-sB(ui)coskKi(w) Using the analytical expresion in (5) we have calcu-
A, - inhKi(w)+SpcoehKi(w) ) lated the internal quantum efficiency of Gaussian doped

u-type silicon emitters for AMI illumination using the
BISp,(9) rates given in [71. Our results are compared with the

and the two dimensionless parameters Ki number and "exact" computer calculations of Del Alamo and Swan-

Surface Factor Sp are given by son 161 in Fig. 2 and 3 for different emitter thicknesses.

dX ~We have assumed that temperature T - 300 *K and
Ks(s) - f ) (10) . - 3.16 X 1o cm-s-1 181 for all the comparisons in

SP D.(0) Figures 2 and 3.
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151 C.R. Selvakumar. J. Appl. Phys. 56, 3476-3478
(1984).

16] LA. Del Alamo and R. M. Swanson, lEEE Trans.
Electron Devices, ED-31, 1878-1888 (1984).

. 'EXACT' COMPUTER SOLUTION 171 J. Furlan and S. Amon, Solid-St-Electron, 28,
DEL ALAMO AND SWANSON 1241-1243 (INS).>-"(DEC. 198) [6](c9 [8] C.R. Selvakumar and D. J. Roulton, Solid-St.

.Z - NEW ANALYTICAL SOLUTION Electronics (in press).

L. 0.8 -
L-
W 0.61

Z OA
4c
I--

z

0.6 1.0 10
EMITTER THICKNESS (/xm)

FIGURE 3

Comparison of the present analytical evaluation of inter-
nal quantum efficiency with the exact computer simula-
tion results of Ref. 6. for thicker emitters. Surface
recombination velocity for holes S, = 103 cm/s and
other parameters are the same as for Fig. 2.

As we can see from these figures, the predictions of

the simple expression in (5) are remarkably close to the

exact computer solution even for thick emitters. Appre-

ciable errors occur only for Si emitters thicker than 5

jm; even then acceptable errors of around 10 - 20% are

encountered which are well within the accuracy with

which we can determine the transport parameters.
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[21 J.A. Del Alamo and R.M. Swanson, Record of the
l8th IEEE Photovoltic Spec. Conf. (1985).

[31 C.R. Selvakumar, Solid-St-Electronics (in press).

[41 C.R. Selvakumar, Ph.D. Thesis, Indian Institute of
Technology, Madras, India (1984).
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B4.2.2

MEASUREMENT AND CALCULATION OF BASE-RESISTANCE COMPONENTS
OF MODERN HIGH-SPEED BIPOLAR TRANSISTORS

J. Fertsch, H. Volt. H. Klose, and W.R. B6hm

Siemens AG, Central Research and Development
Otto-Hahn-Ring 6. D 8000 MOnchen 83, FRG

A numerical method based on the Gummel-Poon model is presented, whichpermits to calculate the components of the base resistance from the layout
and easily accessible DC-parameters. The calculated results are compared
with results derived from measured S-parameters.

i. INTRODUCTION

One of the most important factors limiting No linkage problem between region (3) and (4)
the switching speed of high-speed transistors is was observed in our transistors. Therefore this
the base resistance, since the base has to be division is a complete one.
charged or discharged via this resistance.
Thus, its exact knowledge is indispensable for
optimizing the circuit design. Conventional
analytical methods to estimate the base n+.PolySi
resistance are no longer sufficient because of B
second order effects sucl- as current crowding.
base width modulation. Eurly- and Kirk-effect.
Our method is based on the Gummel-Poon
model and hence includes these effects,
automatically. ..._._. V02

p+ \n+
2. CALCULATION P Polysi

Fig. 1 shows a schematical cross-section of the Fig. 1

emitter-base complex of an advanced self- Cross section through the emitter base complex
aligned bipolar transistor with polysilicon showing the four components of the base resistance.
contacts (PSA).
The four components of the base resistance
are:

The base-resistance calculation which is three-
1 ) contact reslstanre of the base dimensional in reality, was solved in two
2) resistance of the polysilicon on dimensions in the top view projection. This
3) resistance of the polysilicon / monosilicon- approximation is certainly permissible if thethickness of the layer is small enough. Even indiffusedthe double layer region (3) a two-dimensional
4) the resistance of the active base regionthdobelyregn(3atw-insnl4treatment is justified if the ratio of the length I

to the thickness t of the double layer satisfies
I > 5[1).

{ t
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After transformation to two dimensions, the It can be seen that at U = 860 mV the largest

following continuity equations are obtained for voltage drop occurs over the active base region.

the four components [I]. At all sides of that region there is nearly the
same current density. If #(z,y) is known, then

I) =-( -- 5-.V =by means of the energy conservation law
: !IRSO PC

2) V-( = =- 0(V#) 2 dX dy + .UB

3) V.( -V*) =0 + I Vf*v)2 d dy

4) I = V* d- dy
4)Is [exp(2-)-1 (3)Rsp A-O k

+ {QB(*).(V) 2 
dx dy

The meaning of the used symbols is: the partial resistances can be calculated for

# potential within the semiconducting layer each individual region.

R," sheet resistance of poly-Si on oxide
RSH1 sheet resistance of poly-Si on mono-Si
Rsp sheet resistance of the active base
pe specific contact resistivity
QB normalized Gummel-charge
The other symbols have the usual meaning. .

Equation (4) is based on the Gummel-Poon The base resistance was determined experi-

model. These four equations were solved mentally by using a network analyzer to meas-

simultaneously with a numerical treatment, ure the S-parameters at different collector

taking into account the following boundary currents in the frequency range from

condition: 50 MHz to 3 GHz. The measurements were per-
formed directly on the wafer. This greatly
simplifies the measurements since no time-

OI 0 consuming mounting with inherent impedance
a IImismatch is necessary, and hence improves

considerably the calibration accuracy. The

A typical solution for the potential is shown in~input impedance 2 , was calculated from the
fig.2. It was calculated over only half the area S-parameters [3]

for reasons of symmetry.

(G) Z = (l+S11)'(1+S22) - S1021__ Zo(l-S 11 )'(l+S 22) + S12 SZ1

0 0 In Fig.3 the imaginary part, of Z , was plotted
against its real part. Up to a frequency of

1GHz, the measured data can be described very

well by a semic-rcle in the complex plane show-
ing that the simple I-pole approximation [21 is
valid. Above I GHz deviations from the semicir-

cle are observed. The small signal base resis-
tance rb was determined by means of curve

Fig.2 fitting and then converted to the large signal

base resistance R6 by suitable averaging

Equipotential lines within the base region R 1
at u, =800 mV. - 'd
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0 2 b c

W, -to -10 1rmna
+00 10 2x8. 2 bas. contacts

.,1_ oof,,'
Is (z) -400 500MHz ....

;+50 -co ID %e I Ix.
-0 200

-?002001)1 50

-800

.900 1 1 1 1 10 10
0 200 400 60O Bo0 1000 12 01400 o to40 m-t

Fig.3 Fig.4a

Imaginary part of input impedance Im(Zi.)
versus Re(Zi.).

The measured values are marked by crosses. t 0
The fitting curve (solid line) is a 2X40. 1 bass contact

semicircle in the lower half Z-plane.
The smaller zero position is the sum of experimental

the small signal base resistance tb : o "

and emitter resistance r. ,  %ex P 2 contac
iO. TO-a i '  ........_I IO

to-4 to-9 to-4 .. t -2

4. RESULTS 
-

Fig.4a and 4b show the calculated total base

resistance R6 and its external component Rb Fig.4b
as a function of the collector current density

Ic. A comparison was made for transistors with
emitter mask areas 2xS/m 2 and 2x401Am 2 , with

one or two base contacts respectively. Fig.4a and 4b

It is of interest to note that the relative reduc- Calculated base resistance (solid line) and its

tion of the resistance was by a factor of about external component (dotted line) vs.
f oin the case of long emitter transistor and by a collector current density. Experimental results~factor of only 1.3 in the case of the short one,

The experimental results are also plotted in e also shown.
a)AX 2x8,uwta

J, Fig.4. The good agreement obtained between b)4j = 2X4 sM2
the measured and calculated results can be b)A 5 = 2x40/pm
seen as a confirmation of the method of calcu-
lation used.
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5. CONCLUSION

In this paper, a numerical method was shown
to determine the components of the base resis-
tance, especially the external and internal base
resistance, as a function of the collector
current density. The task consisted essentially
in solving the stationary continuity equation

within the base region under the two-
dimensional approximation. Further, the base
resistance was determined experimentally with

the aid of the input impedance circle diagram
method from measured S-parameters. Experi-
mentally and numerically determined base
resistances show good agreement. The methods
used are accordingly correct. The advantage of
the calculation is that the components of the
base resistance can be determined at any arbi-

trary collector current, whereas the base resis-
tance as a whole can be measured only in a

small current range.
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B4.2.3

A BIPOLAR DC MODEL FOR TRANSISTORS FABRICATED IN A CMOS PROCESS

Denis J. P. Doyle, William A. Lane

National Microelectronics Research Centre,
University College, Cork,
Ireland.

Abatraot - an isolated vertical npn transistor fabricated in an n-well
CMOS process is described. Characterisitic features of the transistor are
examined, particularly in relation to the absence of a buried layer and
low well doping. An equivalent circuit is presented to model the
structure as a 4-terminal device, which can be implemented in SPICE
without modification to the SPICE BJT model. A parameter extraction
sequence for the model is detailed and the results of a parameter
optimisation for a real device are presented.

1. INTRODUCTIONC E B

Within many CMOS processes the formation of a 2 u B

junction isolated bipolar transistor is possible4

without the addition of extra masking steps [1]. 3tun

Because of the restrictions imposed by CMOS

processing, this bipolar device exhibits

features which differ from those fabricated Fig. 1:IsolatedNPNStructure

using conventional bipolar processes. Some of Ic

these features place limitations (I) on the

device usuage and (2) on the ability of the

SPICE BUT model to predict any unusual circuit

behaviour. It is necessary that designers have

the capability to model all circuit conditions,

for example, the high substrate current that

results if excess base drive is applied or

during circuit power-up.

In this paper a junction isolated npn 0 V t I.Wb/dtv i

transistor fabricated using a 5-pum, n-well CMOS Yig. 2; NPN Forward Characteristic

process is described. An equivalent circuit is 2. NPN DEVICE STRUCTURE

presented, for the structure, which can be fully The structure of the bipolar is shown in fig.

implemented in SPICE without changing the JT 1. The CMOS n-vell region forms the collector,

model. This equivalent circuit models the the P+ guard band implant forms the active base

effects of (1) the vertical parasitic substrate region and the N+ source/drain implant forms the

pop transistor, (2) the high-value collector emitter. The total well depth is 5 lm, base

resistance and (3) the JFET-like action of the region depth is 2 Jim end the active base width

collector region. A parameter optimisation is approximately 1 Im. The typical gain of the

sequence is described for obtaining all transistor is 130, Early Voltage is 1OOV and the

equivalent circuit parameters from conventional breakdown voltages are as follows: BVeb o - 1OV,

bipolar measurements and the results of this BVcbo - 55V and BVceo a 55V. A typical forward

optimisation for a real device are presented. characteristic for this structure, with an
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emitter length of 26 pm and an emitter width of

13jt.u is shown in fig. 2. 
n

3. BIPOLAR STRUCTURE MODEL P -

The most notable feature of the device 0
n

structure in fig. 1 is the absence of an

collector N+ buried layer. This, together with p

the low doping concentration in the n-well and

the well depth, has a number of effects on the

device behaviour. Firstly, the parasitic Fig. 3: NPNP Structure

vertical pup transistor, formed by the base, Terms (i) and (ii) represent the collector

collector and substrate of the npn device, has a electron (or minority carrier) current across

high forward current gain (Bfpnp) of typically the base region under forward active and reverse

100. The connection of this pp is shown in active conditions respectively. Terms (iii) and

(iv) are the base currents associated with the
fig. 3. This parasitic transistor does not

affect the operation of the npn device when it base/collector junction and are in fact hole
current terms. The collector current equation

is in the linear active region, as is the case

in most analog circuits, since the therefore consists of the electron current minus

base/collector junction of the npn transistor is the terms which represent hole currents injected
in to the collector region [2]. However, as

reverse biased, as is the collector/substrate pointed out above, these hole currents

junction. This effectively turns off the pnp

device. However, when the npn device is cor. e minority carriers in the n-type

saturated, both the base/emitter and collecL. region and are therefore collected by
the reverse biased collector/substrate junction,

base/collector junctions of the npn are forward

biased, placing the pup device in its forward with efficiency (l-/Bfpnp) and only a fraction

linear region. This leads to current flow into I/Bfpnp of terms (iii) and (iv) should remain in

the collector current equation.
the substrate, a situation that should be

p Fortunately, the correct equations for the

Navoided in CMOS. current flow in the 4-terminal structure can be

implemented as an equivalent circuit, without

to the substrate is to ensure that in the npn

collector current equation, any terms which
achieved by replacing terms (iii) and (iv) above

represent hole injection into the n-type
with two pnp transistors, the first having

collector region (where they are now minority parameters Ispnp ' Is/Br and nfpnp = okr, the

carriers in the pup base) are transferred to the
second having ISpnp = Isc and nfpnp = nc. Both

substrate with an efficiency (l-I/Bfpnp). The transistors have the same beta = Bfpnp. These

npn collector current equation is as follows:
terms are then eliminated from the npn equations

i) 00 by specifying Br - I.OE06 and Isc = 0. This

Ic - expVlnrbk results in th- transfer of hole current to the

substrate and the correct terminal collector

IS Vb current being supplied from the electron current

BrLexP( ) (iii) term minus the pups' base currents [3].

The second important effect of the absence of

- SC r I . ov) the buried layer is on the current path between
wL ncVT 3 collector contact and the point of current entry

to the intrinsic npn device. The resistance of

(with he usual SPICE parameter notaion)
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this path is high and nonlinear. This leads to C BB

a rapid gain roll-off with collector current,

low current saturation of the transistor, a high

Vcesat and a limited frequency response 141.
This current path can be seen to be made up of R 2  N-Wel

two distinct regions as in fig. 4. The first of P-SUJmse

these, Rcl, is the region connecting the

collector terminal to the base implant edge. Fig.4: Collector Resistance Components

This is modelled by a constant resistance. The E

value of this resistance is set by the well

doping and the design rule spacing. The second Re

path in the series, Rc2, is the region of well

beneath the base implant. This region is 3 Um Rb

deep for the structure in fig. 1 and its B

resistance is highly dependent on the

base/collector voltage due to depletion Rc

spreading. In fact, the base region effectively

acts as the gate of an n-channel JFET [5). The

value of the pinch-off voltage for this channel

region depends on the channel thickness and Fig. 5:Complete Equivalent Circuit

doping. A typical value for the structure in measurements. The parameters are optimised

fig. I is 15V. However, the effective pinch-off using a parameter optimisation program, which

voltage may be much less than this depending on allows parameters to be fitted selectively to

the substrate voltage which constitutes a back- data regions where they are most relevant and in

gate bias for the channel. The effect of this sequence [6]. The optimisation program also

4t nonlinear channel is clearly demonstrated in the allows use of different error functions. In

forward characteristic of fig. 2, where the particular many of the optimisations involve

saturated/active region boundary rapidly rolls fitting to the conductance, gce, (i.e. slope of
over into the active region with increasing base the data) and transconductance, g,, as well as
current, thereby limiting the collector current purely to DC values. This is due to the

in the device, importance of conductances and transconductances

The overall equivalent circuit is shown in in small signal analysis of analog circuits.

fig. 5. Two important points need to be The optimisation sequence is summarised in Table

clarified for use of the JFET in the equivalent 1.

circuit. Firstly, only the JFET channel The optimised model fits for a device as in

conduction equations are being used, as any gate fig. 1, are shown in fig. 6 and fig. 7 for the

current will be already modelled as npn base forward characteristic and Gummel plots,

current. Secondly, the SPICE JFET model does respectivuly. The current limiting effect is

not allow for back-gate bias and hence a SPICE well modelled in fig. 6. This could not be

t KOSFET Level I model is used, which has the same modelled by considering the npn transistor

conduction equations as a JFET. solely. The overall average absolute DC and

conductance errors are 52 and 222 respectively.

4. PAJAETER EXTRACTION The Gummel plots show not only the base and

Parameters are extracted for the complete collector currents, but, also the emitter and

equivalent circuit using standard bipolar substrate currents. The model, therefore, fits
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Table 1: Parameter Optimisation Sequence -- SIULATED
X MEASURED

Stage DatalRegion Pamneters Error Function lb (uA)_____________ 1.4 Ic (isA) b(A

linear active nf, no
I (lummei Plotge1.

lineactive .

2 Gumme Plot Is, Ise DC .0
4.0

forward Rc, Kp 0.8 .
3 characteristic BfGamma DC, gce, gn I A....... ". j.. 3.a

0.6 1
linear active
Gummel Plot ISe,ne DCgce 0.4

5 complete Rb, nr, tC gc. 0.
Gummel Plot Br, Bfp  DC,g 0.2 .. 0

VafRc,Kp, 0.0

6 characteristic Phi,lambda lC,gce 0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 s.o

Fig. 6: Forward Characteristic Model Fit vCE

all currents in the device, whereas considering -3.0 Log 1

an npn transistor alone does not model substrate

current. In addition, it is clear from the -4.0

Gummel plots that no substrate current flows jA
when the npn device is in its linear active -5.0

region. Currents flow in the substrate

commences only at the onset of 
saturation. -6.0 Ic,Ie

Some operating point analysis has to be -2.0

performed for the parameter optimisation program I s 1
to solve for equivalent circuit internal -0.0 Is

voltages, as only terminal voltages are accessed

during device measurement. This is achieved by -8.0

using a damped Newton convergence scheme to 0.45 0.50 O.SS 0.80 0.6S 0.70 0.75 0.80

solve for node voltages. Fig. 7: Gumel Plots Model Fit
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P4.1.2

EMITTER CONCENTRATION AND INTERFACE EFFECTS IN THE BASE-MITTER
CHARACTERISTICS OF AlGaAs/GaAs HETEROJUNCTION BIPOLAR TRANSISTORS

P.Cdmara, E. MufIoz, I. Izpura ,J. Lablanca and E.Lapefla
ETSI Telecomunicaci6n, Univ. Polit6cnica Madrid, C.Universitaria

28040-Madrid , Spain and

M.A.Pate, G. Hill, P. Mistry, J.S. Roberts, and H.Y. Hall
SERC III-V Semic Facility, Dept of Electronic Engineering

Univ of Sheffield,Mappin Street,Sheffield $1 3JD, United Kingdom

deposition (MOCVD) technologies should

Heterojunction bipolar transistors allow improved and more uniform

(HBT's) are of great interest for characteristics. However ,the role of

applications in analogue and digital technology dependent traps and

integrated circuits (IC's). Their interface charges may then become a key

excellent gain, speed , uniformity and factor.

power characteristics are due to the Concerning HBT current gain analysis,

injection properties of the following the standard concepts of

base-emitter (BE) heterojunction (HJ), emitter injection efficiency and base

to the very low base resistance transport factor, there have been

achievable , and to the inherent reports trying to determine the role of

properties of bipolar devices. Because emitter concentration, B-E

of its more advanced technology, most compositional grading , and SL layers,

of the efforts have been concentrated in the B-E characteristics (1,2,3,4].

on AlGaAs/GaAs HBT's. Its technological One striking result was reported by

implementation has made steady progress Chand et al. [3], who showed that, by

through the use of graded emitter-base lowering the emitter concentration to a

interfaces, and by the introduction of 5 x 1016 m-3 level, the B-E

superlattices (SL) and offset undoped injection threshold (knee voltage) was

base layers. Early HBT's made by decreased from the standard 0.5 V down

liquid phase epitaxy (LPE) already to 0.1 V. However, all other factors,

showed very high common emitter gains, such as Al grading and the base region

Because of the improved dimensional doping concentration, introduced

control, molecular beam epitaxy (MBE) practically no significant variations

and metal-organic chemical vapor in the forward knee voltage . For such
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very low emitter concentration, a high interface charge may set a practical

series resistance or current limiting limit to the useful minimum emitter

mechanism seems to appear, and no data concentration, and that very low

were reported concerning the achieved values in the BE knee voltage can be

transistor characteristics, achieved with emitter concentrations in

In this study a variety of mesa the 1015 - 1016 cm-3 range, but the

AlGaAs/GaAs HBT's, made by LPE and devices do not show transistor effect.

MOCVD were fabricated . LPE devices

have Sn as emitter dopant, while MOCVD n* GoAs S.L.

devices have Si as donor dopant and Zn n° AIxGaI_x As Graded S.L
Graded InterfaceEMITTER x=GO3 Abrupt Intertace

as base acceptor. For the emitter E x

I ~ I O-6_Udope Graded
region the standard 30% Al composition p* Ga As AsUndopd 0AAbrup

BASE GAs buffer oth .
is used. Base doping level was in the n" Aix GAI_x As x=
1018 cm-3 range, and emitter free x=0.3

electron concentration was 3x10 17  n*BUFFER

n* SUBSTRATE

cm-3. Abrupt, graded and SL, BE

interfaces have been considered , and a FIGURE 1

range of undoped , base offset layer

thicknesses, from 0 to 600 A, have been The structures being examined are

used. schematized in Figure 1. For different

BE junctions were 1ilysed through BE interfaces, the base-emitter I-V

I-V , C-V, C vs. frequency and DLTS characteristics are summarized in

techniques. one-dimensional device Figure 2. On a stastistical basis, all

computer simulations were also made the interfaces having an offset layer,

The detection of DX centres in the tend to increase jur' ion currents at

emitter region was used as a probe to very low voltages, as compared to LPE

know where the depletion region was abrupt or graded interfaces without

being examined, and to monitor hole offset layer. In the injecting range,

injection from the base. It is the at similar current densities, junction
objective of this paper to show how the voltage differences were in the tens

various BE interfaces influence their of mV range . The introduction of base

current-voltage characteristics and undoped layers have a more clear effect

their deep level structure. It is on the BE I-V characteristics. Figure 3
claimed that the presence of BE
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965

indicates that in the nw2 region, at

constant The, current increases 2.0-2 1-V OiARACTERISMcS

monotonously with layer thickness, 2.lO'

while in the nol regime all the ) 2.

non-zero thickness undoped layer Z 2ETA8

devices have the same behavior.

I-V CHARACTERSTCS 2.U1
W- ' 0 A .8 L 2 1

FORWARD BIAS (V

SL FIGURE 4
I- LiGRADEDS

Z Abrupt

(OXFe high series resistance regime.(OX FST
L e Graded Above interfaces were analyzed by

1(0XOF S) DLTS techniques. Because the starting
5 .7 .9 I.

FORWARD IAS (V) p+-n structures, the emitter regions

FIGURE 2 would display the DX centres linked to

the n-type dopant. Due to the DX-centre

3 -V CKARACTERSTICS very large hole capture coefficient

6O05 0. 4,5 ] monitoring DLTS peak height

300OX" with forward bias allows to determine
200

V7_ the onset of base hole injection into

-A the emitter. A second electron trap

was detected,related to the base

Zn-doping, its concentration decreasing53 .9 1.1

FORWARD BAS (V) with the offset undoped layer

FIGURE 3 thickness, and being negligible for

offset layers thicker than 300 A

The effect of emitter concentration (Figure 5).

on the BE knee voltage is displayed in Transistors having the various BE

Figure 4. At currents below the mA range interfaces previously analyzed , were

a significant reduction in the evaluated for DC characteristics. Our

junction voltage is found, a similar results indicated that very low emitter

result to those reported by Chand et concentration devices did not show

al.[1]. Such region is followed by a transistor efect; the minor differences
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observed in the BE characteristics,

between superlattice and graded

interfaces, seem producing neither 1C l5mA

different DLTS spectra nor transistor L S
characteristics; the undoped offset

layer has a more pronounced effect on

the I-V characteristics and transistor s

0 00 200 300 400 500 600 700
transistor performances were obtained OFFSET LAYER THICKN4ESS (X)

for just zero thickness undoped

offset layer and graded interface. FIGURE 6

GRADED INTERFACE 2. -R. Fisher, T. Henderson, J. Klein

~ 07~3 s:iN.Chand and H.Morkoc, Solid-St.

Ox C Electron.29,193,(1986).
AEt .0.A36V

&Ella3.-N. Chand, R. Fisher, J. Klein and

WXH. Morkoc, J. Vac. Sci. Technol., B4

s0 100 ISO 200 250 (2),605,(1986).
TMK

FIGURE 5 4.-S.Tiwari, S.L. Wright, and A.W.

Kleinsasser, IEEE ED-34, 185, (1987).
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A COMPUTER AIDED INTERPRETATION OF MOBILITY PROFILE MEASUREMENTS IN GALLIUM P4.1.3
ARSENIDE FET STRUCTURES

M. Pillan- F. Vidimari

Telettra - Telefonia Elettronica e Radio s.p.a.
20059 Vimercate (Milan), Italy

Some semiquantitative correlations among electron mobility profile trend, background
acceptor and donor concentrations and compensation ratio in gallium arsenide epitaxial YET
structures were ascertained from the comparison of several experimental and calculated
data.
The results obtained by this analysis are a useful tool in the electrical characterization
of non intentionally doped buffer layers where high resistivity and interface (or surface)
effects make quite difficult the interpretation of the most used techniques as differential
C-V, magnetotransconductance and Van der Pauw measurements.

1 INTRODUCTION sources. The active layer doping concentration

(sulfur) was between 1E17 and 2E17 cm-3.
The electrical properties of unintentionally SIMS analysis were performed on significant

doped gallium arsenide epitaxial layers are samples in order to monitor the doping profile

generally governed by the presence of background steepness and the impurity concentration.

acceptors and donors and by their compensation Residual background impurity concentration

ratio (0= Na/Nd). resulted to vary from 1E15 to IE16 cm-3 from

The direct electrical evaluation of these sample to sample.

layers is quite critical in the case of interest Test patterns including a fat FET, a one

(very high resistivity) since the presence of a micron gate FIT and a Van der Pauw cloverleaf

significant surface state density produces a structure were manufactured on the wafers under

complete free carrier depletion. Furthermore, test to perform the electrical characterization.

separate characterization of active and buffer Free carrier concentration profiles were

layers does not give any information on the measured by the differential C-V technique.

doping profile transistion region. Electron mobility profiles were obtained both by

In order to evaluate the correlations between C-V and magnetotranaductance (1) methods.

ionized impurity concentration, compensation From Van der Pauw configuration measurements

ratio and electrical measurements we simulated sheet resistivity and mean mobility values were

several different monodimensional active obtained.

layer-buffer layer structures, numerically The experimental mobility profiles followed

reproducing experimental free carrier different paths, typically warying from a

concentration and mobility profiles. continuously decreasing trend in samples with

highly compensat Zer layer, to a slightly
2 EXPERIMENTAL

increasing ti.....- seply decaying one in the moat

The epitaxial structures were grown in a pure structures. Two examples of the above men-

chloride VPE reactor; the buffer layer thickness tioned behaviour are reported in fig.1 and 2

ranged from 2 to 4 pm; the residual impurity where are also plotted the corresponding free

concentration was varied using different GaAs carrier concentration profiles.
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FiJg. I E xperimentl. free carrier- concentration Fi~g. 2 : Experimentlal free carrier concentration
and mobility profiles. and calculated and mobility profile s , 

and calculated mo-
(41) mobility a low residual i urity bility values (a ) -3for a compensated
concentration sample (NI 115 cm sample (Ni 1916 Cm Ka 5E15)

3 CONPUTER SIMULATION concentration controls the diffusion of the

electrons into the buffer layer, producing a

In the computer simulation a typical
strict carrier confinement for high compensation

active-buffer layer structure was examined.rais

Fobility profiles were numerically obtained

cauae bysIignarcal h oso

Fig.ulate 1 y soper nta f e rier conentaison Fby calculating for several boundary conditions,

opeoiito. the average electron mobility P(V) experienced

~by the free carriers over the whole electron
cnnX) at-q(Nd(x) - Na - exp )s ia

3 distribution, as

Different residual acceptor and donor r(V) - (xlnlx)dx / n(x)dx

concentration valuei, doping level and

transition tepneter were umed. The Poilon Here car is the local value of the electron

equation olution was performed using a mobility which was deduced from the theoretical

partially modified finite difference method, data prepented by Waluckteizc (3) as a function

which re d the problem to the solution of a of the local ionized impurity concentration and

linear system equation (2). compensation ratio and assuming an effective

The free carrier concentration profilef value

reported In fill.3 and 4 were calculated -*(X) a Na*sNd
e

esuing a similar doping profile but different

residual acceptor and donor concentrations in the partially depleted regions where

Sipnificant difference can be observed in the

doping profile tran ition region. The acceptr n(x) a Nd* - a*; No i id + a Nd + Na*
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Fig. 3 Assumed doping profile (......) and Fig. 4 Assumed doping profile ( .....) and

calculated electron distributions for calculated electron distributions for

different bjundary cond~tions - different Aoundary conittions
Ma - 5E14 cm ; Ni - 1915 ca Ne . 3115 c. ; Ni - 4115c

4 DISCUSSION considerably diffuse from the active layer into

In order to reproduce the experimental the buffer layer where they experience a very

results, the computer simulations were performed high mobility since the residual ionized

assuming experimental doping profiles as impurity are superscreened by the exceedingly

measured by SINS analysis; both residual high number of free carriers.

impurity concentration and compensation ratio As the acceptor concentration grows larger

were varied over a wide range. For each sample, than lEl5 cm-3 the electron distribution is

the compensation ratio in the active layer was progessively more affected by their presence,

deduced from the measured electron mobility in that produces the confinement of the carriers in

the neutral region. The residual free electron the highly doped region. This confinemen~-3
concentration in the undoped layer was assumed results complete if Na > 4E15 cm-3

to range from 1M13 to 114 in coherence with - Regardless of the real value Ni, the

experimental data measured on very thick buffer electron diffusion creates a space charge region

layers. at the buffer-active layer interface that

The main results of this analysis can be justifies the experimental and theoretical fall

resumed in the following statements, at pinch off since in these conditions most

- The residual acceptor concentrationstrongly electrons are in a region where the scattering

affects the fre carrier diffusion at the phenomena are enhanced by the underscreening of

interface between active and buffer layers, the $onised impurities (4).

i In very high purity samples (residual Ni=Nd+Na - Zn heavily compensated samples, the

(1115 cm-3), regardless of the acceptor electrons In the distribution tail undergo a

concentration exact value, the electrons strong underscreening affect since the ionized
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impurity concentration is much larger than that 1 N -s

Z-V104 V
of the free carriers. This effect degrades the F 3 V -.:7 V

mean electron mobility and produces the slowly I

decaying trend reported in fig.2.>

The steepness of the mobility profile and its 0 N

mean value are controlled by residual Ni and by 'v '.

the doping profile trend. z 2 2
W
U

- In very pure samples, as an be observed in Z 1

U -J
fig.3, the percentage of diffused electrons into X .

W 0
the buffer layer, becomes more and more

significant au the depletion voltage approaches

pinch off. a 2 3
GRTE VOLTAGE CV3The average electron mobility ,z(V) results

Fig. 5 : Experimental free carrier concentration
therefore a growing function of the bias voltage and mobility profiles measured for

V as far as the electron concentration does not 0 V (-) and -30 V (---) backside
gating bias

fall under the background ionized level. Here

again the mean mobility value and the amount of

its raise are governed by both residual impurity into account non neutrality effects at the

concentration and compensation ratio. The
interface with the active layer.

position of the abrupt mobility profile decrease

seems to be a function of the doping profile Investigations on the influence of the buffer

knee shape (exponential, gaussian, etc.) layer characteristics on microwave FET's device

A further proof of the validity of this model performances are in progress, with special

is given in fig.5 where we report carrier attention to pinch-off and beakdown voltages.

concentration and mobility profiles measured on

a low background structure by strongly

negatively biasing the substrate to produce a REFERENCES

backside gating effect on the active layer. In

this condition the mobility enhancement disap- (1) Jay, P.R., and Wallis, R.H., IEEE Electron
Dew. Letters KDL/lO (1981) 265

pears because all the carriers result confined

in the active layer. (2) Klopfeinstein, R.W., and Wu, C.P., IEEE

Trans. on Electron Dev. ED222/6 (1975) 329

5 CONCLUSIONS (3) Walukiewicz, W., Lagowski, J. Jastrzebski,
L., Liechtensteiger, N., and Gatos, H.C.,

Journ. Appl. Phys. 48/2 (1979) 899

The experimental mobility profiles on gallium (4) Ptllan, M., and Vidimari, F., in:

arsenide FET structures can be interpreted in Kukimoto, H., and Miyazawa, S.,

terms of buffer layer background impurity Semi-Insulating III-V Materials,

Hakone

concentration and compensation ratio, taking (North Holland, Amsterdam, 1986) 585-590
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P4.1.4

PLANAR GUS NI DIODS F( NLLIN3M WA1 IMUIC'

J. Selders. A. Colquhoun and K. E. Schmegner+

TELEFUNC electronic GbH, Heilbronn, West Germany
+AEG, Ulm, West Germany

A new fabrication process for planar GaAs mixer diodes operating in the millimeter
wave range of frequencies is presented. This technology, which is fully compatible
with MESFET fabrication on the same chip, combines the advantages of adlective ion
implantation for the n+ contact regions and epitaxial growth for the active n-layer.
With Si implantation n -layer sheet resistances of down to 16 n/u have been achieved
using a rapid thermal anneal. Schottky diodes with Al and Ti Schottky contacts have
been fabricated with different contact areas and configurations. Diode resistances of
8 n and junction capacitances of around 20 fF were obtained for a contact area of
1.5 x 6 pm . n-factors were typically 1.15 for Ti and 1.3 for Al Schottky contacts.
RP performance was tested in a hybrid mixer configuration with an oscillator fre-
quency of 35 GHz. Conversion losses of 6 or 5.5 dB and noise figures of 5 or 4.5 dB
have been determined for Al or Ti Schottky diodes, respectively.

I. INTRODUCTION advantages of selective ion implantation with

There is great interest in receivers for milli- the growth of high quality active layers by an

meter wave frequencies for applications such MOCVD process. Based on this technology which

as phased array radar systems. However, the is fully compatible with the fabrication of

performance of these receivers strongly depends MESFETs and MMICs on the same wafer /4/, planar

on the quality of the nonlinear mixer element, mixer diodes for millimeter wave applications

GaAs Schottky diodes have already shown excel- were realized.

lent RF performance up to the millimeter wave

range of frequencies /l/. For integration with 2. DXOD TECE OLOGY

other active devices such as GaAs HESFETs and Starting with undoped s .i. GaAs substrates a

passive components in an MMIC, a rather corn- selective ion implantation with Si was perform-

plicated fabrication process has often to be ed using SiON as a mask (see fig. 1). A multi-

used, giving a compromise between the differ- pls energy implantation with maximum energies

ent requirements of the active devices, of 360 keV and total doses of up to
+ .41 1 5 -m2Generally the n -n-layer sequence is fabricated I.4xiO o- has been used. Two different an-

either by epitaxial growth of both layers /2/ nealing processes have been tested. One is a

or by ion implantation /3/. Both processes have conventional furnace anneal (FA) at elevated

severe restrictions. With epitaxial layers, temperatures of up to 950 *C for 15 min using

low resistance, thick n +-layers can be easily a GaAs proximity cap. The other process is a

combined with a high quality active n-layer, rapid thermal anneal (RTA) at 1050 *C for

Planar structures can however only be realized times of 5 sac in N2 using SiO2 or SiON as a

by a difficult selective growth. Ion implants- protecting cap. After anneal and appropriate

tion allows a simple means of selectively dop- surface preparation an n-type layer with a
17 -3ing combined with planar surfaces. However, doping concentration of n - (1.5 - 2)x10 om

n+-layers with low sheet resistances and mod- was grown directly onto the selectively im-

erate doping levels at the surface are diffi- planted substrates without any buffer layer

cult to realize. /4/. Isolation of the active layer between the
We present a novel process which combines the diodes was performed with a boron implantation,
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using SiC as a mask. 1 jim Al was evaporated process T/C t/sec cap lowest

and the active contact areas were defined with Rs/n/13

optical lithography. A well known self-aligned 850 900 GaAs 60
FA 900 900 GaAs 40

technique was used to accurately control the 950 900 GaAs 30
950 900 GaAs 30

dimensions of the Schottky contact and the se- - 5 - 22

paration between the Schottky contact and the RTA 1050 5 SiON 22paaio eten1050 5 SiON 16
AuGe ohmic contact. 200 nm plasma Si 3N4 was

used to passivate the GaAs surface. A Ti/Pt/Au Tab. 1: Lowest n -layer sheet resistance for

metallisation formed Schottky contacts for the different annealing conditions

Ti Schottky diodes and was plated to a thick- -2

ness of around 2 jim for the air bridges and

strip lines. achieved (see fig. 2). Selective Hall measure-

ments show that a maximum concentration of n =

2x1 01 an- is maintained down to a depth of
about 0.5 )im together with electron mobilities

AulGe of around 1500 cm2/Vs. A further improvementohmic

cO tact of the sheet resistance could be obtained by

,141M applying rapid thermal annealing using an AG

210 T heatpulse system. The samples were cap-

pad with 100 ran SiO2 . Peak temperatures of

1050 *C for 5 sec gave a mini. m sheet resist-

Au ance of 22 n/a (fig. 2).

Boron- Semi-insulating n+ A/c - Ga - FA 9S0 , proximiy capIsolation SubstrateI O Sub100 -o- RTA 1050. W0 cop

Aluminlum RTA 1050. SON copSchottky- 0
contact

Fig. 1: Schematic view of a PET compatible 60

Schottky diode

3. DIODE OPitejSATION eu
20 ---

-
- --For mixer diodes operating in the millimeter

wave range of frequencies low series resist-

ances and capacitances are required. Therefore l dose I co

special care was taken to optimize the n+-sheet F im-

resistance formed by Si ion implantation. Con- plantation dose

ventional furnace anneal at temperatures of

850 *C gives sheet resistances for our implan- Capping with 100 nm SiON has resulted in a

tation energies of around 60 n/a (see Tab. 1). sheet resistance as low as 16 n/E3 , for a dose

A distinct improvement could be obtained by of 4.6x10 4 cm- 2 . Fig. 3 shows that the de-

increasing the annealing temperature to 950 *C. crease in sheet resistance is mainly caused by

A GaAs proximity cap and additional AsH 3 in an increase in maximum carrier concentration
3s -3the annealing atmosphere prevented surface de- above the value of n - 2x10 8 cm which is

gradation. Minimum sheet resistances of about thought to be the solutibility limit for fur-
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nace anneal of Si-implantation in GaAs /5/. and sheet resistances of typically 25 n/M

With the RTA process, however, maximum concen- should result in values of about 7 n. This

trations of 5xO1 cm-3 could be reached. The gives fT-value, of about 600 GHz for such
mobility compares well to the values in case diodes making them suitable for operation at

of furnace anneal (fig. 3). frequencies well above 35 GHz.

I "/cm .
. - WOMu 4. DIODE P0OERIES

-- A S 15 different diode configurations such as fin-
1ger diodes, air bridge diodes with Al or Ti

Schottky contacts have been realized in a diode
array (see Tab. 2).

Schottky area/ structure man n- seas C-CCs/ ET/
metal 2 factor Rs /0 Gz

IMM

I .S-6 1.3S 8 30 560
Al 2.5.6 fingser 1.33 8 39 410

3.5.6 1.39 8 48 320

1.5.8 1.28 7 36 560
0Al2 . 0. Al 2.5.8 finger 1.30 7 48 40

3.3.8 1.29 7 60 310

Fig. 3: Concentration profile as obtained 2.5 1.14 8 26 650
after selective Hall measurements Ti 3.5 airbridge 1.15 8 33 490

4-5 1.17 8 38 410

2.7 1.13 11 41 480
With such sheet resistances a considerable Ti 3.7 finger 1.13 11 49 365

4.7 1.18 12 60 290
part of the remaining diode series resistance

is due to the ohmic contact resistance. There- Tab.* 2: Typical properties of different
fore the alloying process has also been opti- Schottky diodes

mised giving typical specific contact resist-

ances of around 3xi0 - 6 ncm2 . Fig. 4 shows the DC measurements were made with the help of an

influence of the n+-sheet resistance and con- automatic prober so that the properties of each

tact resistance on the diode series resistance type of diode could be mapped over the wafer.

based on a calculation after Heaton /6/. The By measuring the I-V-characteristics, the

figure shows clearly that for our technology series resistances, n-factors and leakage cur-
2diode resistances for contact areas of IxO pm rents have been determined. Additionally the

capacitance of each diode including the strip

line capacitance of about 20 fF was measured.

Table 2 shows typical (not best) values for

2 O ..... each type of diode indicating that the low

,f'" series resistances expected from fig. 5 could

....... ..... ............ NMe be reached taking the geometrical difference

into accoiunt.

- -- f values for each diode have been calculated
T

. .. by estimating the junction and stray capaci-

tances. Values of more than 600 GHz underline

- a a ' the good properties of these diodes. Al diodes
f No typically show somewhat higher n-factors of

Fig. 4: Diode series resistance versus n+- 1.25 - 1.3. However, the self-aligned techno-
layer shoot resistance and specific
contact resistance after /6/. logy in case of Al diodes leads to nearly 100
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.L 0 GaAs Schottky diodes have been fabricated for
-00 V mixer applications using a FET compatible pla-

95 nar process which combines selective ion im-
* plantation and epitaxial growth. Si implanta-

12 tion with maximum energies of 360 keV and RTA

! !/"resulted in sheet resistances of as low as 16"-- - - -- - - ........°°. .........
.................................... n/0 . In this way Al and Ti Schottky diodes

were fabricated with series resistances of
.4 ~ about 8 n for a contact area of 1.5 x 6 W2

," .......... .2and n-factors of typically 1.3 and 1.15 re-

spectively. In a hybrid mixer configuration
"................ Ti Schottky diodes exhibited a conversion loss

of 5.5 dB and a noise figure of 5.0 dB.

&00

0 1 2 3 S
The authors would like to thank G. Ebert,

H. Renz, and R. Stowasser for their help and

Fig. 5: Noise figure and conversion loss of a the German "Bundesverteidigungsministerium"
Ti Schottky diode versus bias current for financial support.
and LO power at 35 GHz

yield over the waver. The lower n-factor of REERfhCES
typically 1.15 for Ti diodes make them even /I/ J.A. Calviello: "GaAs Schottky Barrier De-

vices and Components", Microwave Journal,

more suited for mixing applications. (August 1979), 53

The highest fT values were obtained with air- /2/ R.L. von Tuyl "A monolithic GaAs FET RF

bridge connections because of lower stray ca- signal generation chip"

pacitances. However, also Al diodes with fin- IEEE B SSC Dig. Tech. Papers (San Francis-
co, 1980), Vol. 23, p. 118

ger lengths of 1 .5 jim exhibit fT values of
about 600 GHz. T/3/ G.K. Barker, M.H. Badowi, J. Mun,

a60 GHz Monolithic GaAs Front-End Circuit
RF performance of such diodes has been tested for Receiver Applications",

at 35 GHz in a hybrid mixer configuration. Con- Electron. Lett. 20 (8), 1984, 334

version loss and noise figure were measured at /4/ G. Ebert, A. Colquhoun: "High transconduct-

different bias currents and LO powers. Fig. 6 ance OGFETs", Proc. of the SPIE Conf. Ad-
vance Processing of Semiconductor Devices",

shows a typical result for a Ti Schottky diode. Bay Point 1987, to be published

Minimum conversion losses of 5.5 dB and minimum /5/ T.C. Banwell, M. Maenpaa, M.-A. Nicolet,

noise figures of 4.5 dB at 2.5 mA bias have J.L. Tandon: "Saturation of Si Activation

been measured. Al diodes show somewhat higher at high doping levels in GaAs",
J. Phys. Chan. Solids, 44 (6), (1983), 507

minimum values for the conversion loss of 6 dB

and noise figure of 5 dB. These results demon- /6/ J.L. Heaton: "Analytical model speeds
planar-mixer diode design",

strate that our FET compatible technology is Microwaves & RF (Sept. 1984) 8 102

well suited for MMIC applications at milli-

meter wave frequencies.
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LOW-NOISE BULK UNIPOLAR DEVICES IN Si AM GaAs

H.Beneking , J.-M.Cloos, G.Fernholz, M.Narso, P.Roentgen and L. Vescan

Institute of Semiconductor Electronics, Aachen Technical University, Somer-
£eldstr., 5100-Aachon
Present address: University of Michigan, Department of Electrical Engineering
and Computer Science, Ann Arbor

Low-temperature vapour phase epLtaxy was applied to fabricate multilayer struc-
tures like camel diodes and camel transistors. Using the Low Pressure Vapour
Phase Epitaxy (LP-VPE) silicon camel diodes with a conversion loss as low as 6
dB at 12 GHz and a noise figure of 7 dB were realized. GaAs hot electron tran-
sistors were fabricated by Organo-Metallic Vapour Phase Epitaxy (O-VPE).

1. INTRODUCTION thin and highly doped multilayers by using Mg
The great improvement in the gas phase *o1l- and So as dopants and extremely low growth

taxy has lead to the successful fabrication of rates (61. So allows to adjust donor concentra-

mutltilayer structures like camel diodes in both tions greater than 1020 cm 3 and sharp transi-

Si [1] and GaAs [2]. Moreover, by planar n- tion widths when growing with low growth rate

doping V-shaped potentials were built in GaAs, (1.8 na/min). Using bis-methylcyclopentadienyl-

where 2-dim. electrons were proven to exist magnesium and a low growth rate, too, of 8

confined to different subbands. n/min a precise control over the acceptor

The camel transistor, which is the first in concentration is possible. Table i shows the

a new generation of high speed transistors, main characteristics of the deposition tech-

consists of several deeply buried, very thin, niques used in this work.
highly doped n and p layers with extremely In the following, some recently obtained

abrupt interfaces [3]. To realize this device, results related to LP-VPE, respectively OK-VPE

low temperature processing and no memory grown camel diodes and transistors will be

effects during the epitaxy are required. presented.

For the fabrication of Si camel diodes the

vapour phase epitaxy at reduced pressure (LP- 2. DEVICE FABRICATION

VPE) was used. By this technique a minimum 2.1. Si camel diodes

epitaxial temperature of 735 0 C hav b a- The basic structure of the Si camel diode is
chieved and sharp boron profiles of 13 na over shown in fig.1. The diodes were fabricated in 2

two orders of magnitude [4]. The particular inch, (100) wafers 1.5 m Gcm. First, a I pm-
advantage of this technology, when using chlo- thick Si0 2 layer was thermally grown. Then

rosilanes, is that the devices can be isolated windows with diameters ranging from 3 pm to 400

by selective growth on Si in windows etched in iam were opened in the oxide using dry etching.

Si0 2. Si camel diodes with an area as small as After a cleaning procedure the substrates were

3x3 p=m2 , showing negligible leakage currents loaded into the reactor and three layers were
at the periphery, were obtained (5]. The grown in one run. These are an undoped n'-layer

diodes had barrier heights in the range 0.46 - 0.8-1 pm thick, with an n-type background of
0.94 eV and ideality factors as low as 1.08. (1_5)X1016 c "3, a p+-layer 7-20 na thick, (5-

For GaAs we have optimized the organo-metal- 8)X1018 cm4" , and a nt-layer 20 nre thick 3x10 19

lic vapour phase epitaxy (OH-VPE) in respect to cm 3 doped. At the bottom AuSb was deposited



Table 1. SURVEY OF DEVICE DEPOSITION CHARACTERISTICS

Si - LPVPE GaAs - OMVPE

reactor quarz cold wall

heating halogen lamps

temperature 8000 - 8230 C 6000 C

pressure 0.002 bar 1 bar

gases SiCl2H2, H2  AsH 3, TMG, H2

doping in situ in situ

doping gases B2A6. PH3  H2Se, M2 CP2Mg

specials selective growth two-step growth

/Ti /Pt /Au
area. A second epitaxy followed for the camel

zSi 2  emitter. The epitaxy sequence was this time

z z z z zzp/n'/n + with similar doping and thickness va-

epi r- lues as for the collector diode. During this

step GaAs was deposited epitaxially in the

holes on GaAs and in polycrystalline form on
n n - S i  

the Si0 2 . After epitaxy, the polycrystalline

deposition on the Si0 2 was removed by a chemi-

cal etch, and a 1 pm thick SiO layer was depo-

sited by an electron gun. With one photolitho-

FIGURE 1 graphic step the emitter, base and collector

contact windows were opened into the SiO. The
Schematic diagram for a selectively grown Si emitter area was l0xlO pm2. Then Pt/Si/Au was
bulk unipolar camel diode.

deposited and contacts were defined by lift-

off. A thermal annealing at 3500 C was per-

formed to obtain ohmic contacts.

and annealed at 450
0 C for 5 min. Then at the

top Ti/Pt/Au was deposited and annealed at

3000 C for 2 min.

2.2. GaAs hot electron transistor structure Pt/Si/Au

The hot electron transistor structure was 2ndgrowth - - --- . SiO

grown in two steps in order to be able to slop

contact the thin base. First, the camel collec- base
tor was grown. It consists of a lxl01 6 cma 3 Se Ist n"growth -

doped n'-layer 500 nm thick , a Mg doped p- step

layer (5-20)x10 1 7 cm "3 which is 10-20 no thick .- GoAs

and a So doped n+-layer 2x101 9 cm "3 . 50 no I
thick. This n+-layer is the base region of the

transistor. Then a mesa etching was performed

to define the collector area. A CVD deposition FIGURE 2

at 350 0 C of 0.1 Pm See 2 followed. Holes were
Schematic diagram of a hot electron transistor

dry etched into the Si0 2 to define the emtter in GaAs
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3. DEVICE RESULTS
IA IF

3.1. Si camel diodes (A ) C A)

The carrier profile, recorded by using the I E-02 TW s2 t IE-02

Polaron C-V profiler, is shown in fig.3 for a /-/b - -

three layer structure grown as follows: an - - - -/d

undoped layer was grown at 8480 C, then the /dlv -d-

temperature was lowered to 803
0
C and 15 nm - / -,

boron- and 10 na phosphorus doped Si was depo- --

sited. The n+-layer could not be detected owing - - //

the high doping level. d

Varying the thickness and/or the concentra- IE-12. - -, o
VF .2OO0/div (V)

tion of the boron doped region it was possible

to fabricate camel diodes with zero volt bar-

rier heights ranging from 0.46 eV to 0.88 eV.
FIGURE 4

Fig.4 shows I-V characteristics of four

diodes, grown selectively in 50 pm windows. The I-V characteristics of selectively grown Si
bulk unipolar camel diodes. Diode diameter: 50diodes have good ideality factors of 1.1-1.2
AM.

and low leakage currents. This was verified by a) n- 1.08 and - 0.46 eV;
b) n- 1.16 and * - 0.59 eV;

measuring diodes with different area deposited c) n- 1.22 and - 0.80 eV;
in one run and which revealed proportionality d) n- 1.15 and - 0.88 eV.

between current and area over many orders of - zero voltage barrier height

magnitude. For noise figure and switching

time measurements the diodes were incorporated

19 S in micro-strip lines. The diodes were switched

from a forward current density of 1000 A/cm 2 to

[1 Ethe steady-state reverse current. The measured

switching time was below 0.4 ns and no storage

I phase was detected. This is an indication of

-!t17 -p-type the absence of minority carrier effects. For

noise measurements the diodes were used as
n- type single ended mixers [5]. At a signal frequency

of 2 GHz a conversion loss as small as 4.2 dB

and a single side band noise figure of 4.8 dB

0.0 .1 .2 .3 .4 .5 .6 .7 .8 was measured. Diodes with a smaller area, for

X(PM) instance, W8x8 pm2 revealed a loss of 6 dB and a

noise figure of 7 dB up to 12 GHz.

3.2. GaAs hot electron transistors

To allow the measurement of the transistor

FIGURE 3 doping profile by the C-V electrochemical

Electrochemical C-V profile of a three layer method, it was necessary to grow thicker n- and
structure in Si (n+/p+/n" on a n+ substrate). p-layers , around 10Onm ( which is much more
The n'-layer was grown at 8480C and is uninten-
tionally doped. The doped layers were than is needed for the camel transistor). Fig.5
subsequently grown at 8030 C. shows the layer sequence and the measured do-
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FIGURE 6

GaAs-hot electron transistor characteristic in
common emitter configuration measured at room

FIGURE 5 temperature (50 pA/div. vertical, 500 mV/div.
horizontal, 500 pA base current steps).

Doping Trofile of a GaAs test structure 
with

thick n - (base) and p- (barrier region) re-

gions determined by a Polaron C-V Profiler.

ping profile of a camel transistor test struc-

ture. Fig.5 clearly shows that under optimized

growth conditions the O-VPE offers access to

this group of hot electron devices. 
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TUNGSTEN SILICIDE RESISTORS FOR GaAs MMICs

D A ALLAN, T K NG and M J GILBERT

Compound Semiconductor Microelectronics Section,
British Telecom Research Laboratories

Ipswich, United Kingdom.

Tungsten silicide resistors in the range 50-300 ohm/square have been deposited on GaAs by
rf sputtering and patterned by etching in an SF6 plasma. The stability of the resistors
has been demonstrated by accelerated ageing at elevated temperatures. A change in

resistance of less than 0.3% after 1000 hours at 1250C was observed when a Si3N4

passivation layer was used to encapsulate the resistors.

1 INTRODUCTION rate was 0.2nm/s at a power of 200W. The

A variety of different thin film resistor resistors were patterned using an SF6 plasma and

materials have been used in the fabrication of a photoresist mask in a parallel plate reactor.

GaAs ?O4ICs, some originating from discrete and The etch rate of the silicide was 
4
nm/s at a

hybrid component technology. Ion implanted pressure of 266mbar and a power of 50W.

GaAs resistors are an obvious choice but they A metal contact layer of Ti-Pt-Au was

suffer from non-ohmic behaviour at fields above deposited by electron gun evaporation and

3*10
5
V/m due to velocity saturation and they defined by photolithographic lift-off.

have a high positive temperature coefficient of 2.2 Measurements

resistance. Cermet, nichrome and tantalum A 4 point probe was used to measure the sheet

nitride thin film resistors have been used as resistance of films and the temperature co-

alternatives but have some significant draw- efficient of resistance (TCR) was determined by

backs in terms of stability, uniformity and heating to 150 C. Patterned resistors were

patternability etc. measured using an automatic parametric tester in

Results are presented on tungsten silicide, conjunction with a stepper prober. The

a material more commonly used as a refractory patterned resistors were subjected to acceler-

metal gate in self-aligned MESFET technology ated lifetesting at 125 0 C and 350 0 C for periods

[I, to show that it can overcome many of these up to 1000hrs and changes in resistance noted.

disadvantages. Its electrical properties, Auger electron spectroscopy (AES) was used to

patterning by plasma etching and stability on analyse the reasons for any changes occurring.

lifetesting will be described to illustrate the 2.3 Ageing and Passivation

advantages of this new resistor material. Most thin film resistors require curing at

300-400°C in air in order to obtain stable

2 EXPERIMENT resistance values [2]. In addition, the

2.1 Deposition and Patterning resistors are sometimes encapsulated in a pass-

The resistor material was deposited by rf ivating layer of, for example Si 3 N4 [31 , to

diode sputtering of a silicon target with a prevent subsequent drift. The effects of both
tungsten sheet overlay which had holes in it to high temperature treatment and passivation ofi

vary the stoichiometry of the silicide film. A silicide resistors have been assessed in terms

composition of W:Si a 1.6:1.0 was chosen to give of resistor changes during subsequent acceler-

a sheet resistance of 50-300 ohm/sq. for thick- ated ageing at 1250C and 3500C.

nesses in the range 100-600 rim. The deposition
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3 RESULTS TABLE 3 - PLASMA ETCH TRING OF RESISTANCE

3.1 Resistivity Etch R50 R500 R3000 R9000

A resistivity of 3*lO-3 ob.cm was obtained t(s) ohm olm ohm olm

with a TCR of -265plm/°C. A sheet resistance 0 28.4 263 1630 486o
of 300obas/sq for a film thickness of 100= was 60 47.2 417 2568 7539
used to fabricate high value resistors up to 747.3 418 2569 7542

90 54.6 496 3066 8938

9kolm. The uniformity across a 5(0m diameter

wafer was good (Table 1) with yields close to A thicker silicide layer of 600am was used to

100%. fabricate resistors for 50 ohm/sq target

values - Table 4.
TABLE 1 - RESISTOR VALUES ON A 50min WAFER

(54 LOCATIONS).
TABLE 4 - 50 OM/SQUARE RESISTORS ON A 50mm

NON. MEAN STD.DEV WAFER (54 LOCATIONS)
R(ohm) R(oh) %

N0M. MEAN STD.DEV
50 54.7 3.84 R(ohm) R(ohm) %
500 508.5 2.97
3000 3154 3.36 8.3 8.74 9.14
9000 9442 3.35 83 80.81 5.19

500 479.6 6.16
1500 1467 4.22

Reproducibility from wafer to wafer was */- 5%

for wafers deposited and patterned at different 3.2 Accelerated Ageing

times - Table 2. The variation in values is Experiments to establish whether a stabil-

due to film thickness 4ifferences, photoresist isation cure in air was necessary as with other

mask dimensional variations and plasma etching thin film resistors showed a decrease in res-

rate changes. istivity of 0.3% after 1 hour at 350 0C. A

corresponding decrease in TCR from -265 to
TABLE 2 - RESISTOR VALUES FRO(4 WAFER TO WAFER -150 ppm/C was observed. There were no

Wafer R50 R500 R3000 R9000 apparent differences between heating in air or
SNO. ohm Ohw ohm obm0Nnitrogen. Longer term lifetests at 125 C and

1 547. 508.5 3154 9441 350°C showed some differences between samples
2 51.3 509.5 3161 9417
3 47.3 466.0 2728 8177 which had been pre-aged and those which had

4 52.3 491.0 2916 8623 not. Differences were also observed between

50 and 300 ohm/sq. resistors and those which

The resistor values in table 2 could be trimmed had a surface passivating layer.

after contacting and measurement in order to Figure 1 shows the percentage change in

decrease the spread from wafer to wafer. This resistance as a function of time for 300 ohm/

was achieved by plasma etching as for initial sq. resistors. As may have been expected the

patterning but at a reduced power level. Table wafer aged at 350°C changed the most whereas
03 illustrates the trming of a wafer, which the one lifetested at 125 C after a "burn in"

was initially too low a value of resistance, at 350°C for 1 hour showed least change in

until the required values were reached. The resistance during ageing.

results show that there is a limit to the fine- Analysis of the resistors after the end of

ness to which the trimming can be performed in lifetesting by AES showed that the oxygen

that there is no change in the resistor valuee content of the films varied dramatically.

betwen 60 and 70., because of the "induction After 100 hours at 3500 C the oxygen content

time" of the plasma process. was 20% at the surface with a steep decrease
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as the GaAs interface is approached. This com-

pares with a uniform concentration throughout

the layer of 5% for an untreated wafer - Figure !

2. A trend, dependent on the sheet resistanceI

of the silicide, was also observed - Figure 3. L4
"

The change in resistance with time became W

negative rather than positive as the sheet z -I

resistance decreased; ie as the thickness of

the film increased. z
I
U

IE+8 1E+01 IE+02

RTIME. hr.
2

FIGURE 3

Change in resistance as a function of ageing
at 125

0
C for different sheet resistance layers:

o - 50 ohm/sq.

z * - 160 ohm/sq.
X + - 300 ohm/sq.

-2 ' '"' ''" , ' ',,i Accelerated egeing of the 50 ohm/sq re-
IE+00 IE+01 I E+02 IE+03 sistors showed that again the wafer that was

TIME, Hours not preaged at 3500 C showed the largest change
FIGURE 1 with time - Figure 4. The pre-aged wafer did

Change in resistance of 300 ohm/sq. layers as a not show such a large change but the minimum

function ageing at elevated temperatures:-

1 _ 125 0 C variation (less than 0.2%) was achieved when a

+ - 125 0C after pre-age at 3500 C for 30 mins passivating layer of Si3N was used on top of

o - 3500 C the resistors. There was no difference due to

pre-ageing when the.wafers were passivated

B8 since the plasma enhanced deposition of the

Si3N4 was carried out at 325
0 C. The wafer with

X so a passivation layer changed by only 0.8% after
UGa 100 hours at 350 C.

00

0 4 R

,, S1 '4 DISCUSSION
z The results show that tungsten silicide

28 resistors can be used as alternative to GaAs

0 bulk resistors or cermets for 300 ohm/sq

a .g design rules. They are also viable alter-
9S 6 12 17 -

natives to NiCr or TaN for 50 ohm/sq appli-
DEPTH. Rrb Units

cations. They do tot have the high positive

FIGURE 2 TCR of GaAs (1500-3200ppm/°C) which can com-

AES profile of WSi on GaAs after ageing at bine with that of active components to give

350
0
C for 100 hours showing oxygen ingress. large parameter changes with temperature.

Cermet films have been used extensively (41

but in common with other workers we have found

problems with stability, reproducibility, and
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due to crystallisation and grain growth. This

1.0 is in agreement with results on pre-ageing the

resistors and the thicker 50 ohm/sq layers,

.5 although a major decrease in resistivity would
U not be expected below the crystallisation
C
* . temperature - 65 0 °C.

S -. 5 CONCLUSIONS

Tungsten silicide, which is used as a high

. -temperature Schottky gate material in GaAs

MESFETs, has been shown to be a stable resistor
-- 1. * I l ll , , I I llll.",. I I I III

material for use in GaAs MMICs. It can be
IE+90 1E+81 IE+02 IE+03

TIME, H urs reproducibly deposited by rf diode sputtering

and is easily patterned by plasma etching. Its
FIGURE h stability at high temperatures produces only

Change in resistance of 50 obm/sq. layers after small drift in resistance during accelerated
accelerated ageing:-
< - 125oC  ageing especially if a passivation layer of

* - 1250C after pre-age at 3500 C for 30 min. Si N is used to encapsulate the resistors. It
+ - 125

0C passivated.
o - 1250 C passivated and pre-aged. is compatible with GaAs IC fabrication tech-
* - 3500C passivated. nology and is superior to alternative thin film

also pattern definition since they are not or GaAs bulk resistors in many respects.

etched by any of the wet chemicals or plasma

processes used in GaAs fabrication technology ACKNOWLEDGEMENTS
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P4.1.7

XNSFETs ON N-GaIv~s WITH BRRIER ENH ANCED SOTIKY GAIES

G.Fernholz, W.Lange, R.Westphalen, P.Balk, H.Beneking

Institute of Semiconductor Electronics, Aachen ,Technical University, FRG

Enhancement of Schottky barrier height on n-type GaInAs has been
achieved using Be implantation at low energies.These diodes have been

used as Schottky-gates for the fabrication of n-channel MESFETs on

GaInAs.

1. INTRODUCTION lating InP. RTA was performed in a lamp heated

GaInAs, lattice matched to InP, is an furnace with 13s rise time to the peak tem-

important material for optoelectronic de- perature of 800
0
C where it was kept for ls. As

vices. Due to its excellent electronic proper- cap material SiO 2 was used, deposited by

ties (high mobility and electron velocity) different methods (evaporation, sputtering or

JFETs with high transconductance and high CVD).

maximum frequency of oscillation (MAG-l),

comparable to MODFET performance, have been

achieved /1,2/ . Moreover, the absorbtion

edge at 1.67 pm wavelength makes GaInAs an - 6 keV

ideal candidate for optoelectrcnic integration. 4 keV
•"2 keY

It has been proposed that enhancement of the

Schottky barrier height may be obtained by E SIMS. 3keV(O

using a thin counterdoped fully depleted top 0

layer /3/ . This method has been successfully

applied to n-type GalnAs /4-6/ . •

In this paper we discuss the fabrication of U%0 10"
barrier enhanced Schottky- contacts on n-type -

p ,. _as
GaInAs using Be implantation and rapid thermal ,_.

annealing (RTA). Such barriers are applicable"-..

to the fabrication of MESFETs and can also 10

be used as fast photodetectors /7/. p

100 200 DEPTH
nm

2. EXPERIMENTAL

Be implantation into n-type GanAs was
performed with energies of 2 to 6keV and doses Fig.l: Atomic distribution of 4keV implan-

tation of Be into n-type GaInAs measured

of lxl01 4 
to 7xO1

4
cm

"2
. The S-doped GaInAs by SIMS using 3keV 02 ions

layers ( lxlO16to lxlO17 cm
"3 

) were 0.2 to

0.5 a thick and deposited by VPE on semiinsu-

* A
present Adress: Coebel Visiting Professor, University of Michigan,
Dept. of Electrical Eng. and Computer Sci., Arm Arbor, Michigan, USA
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Material characterisation was performed by

SIMS and PLL measurements. Pig. shows the A i-Pt -Au

typical atomic distribution of Be, Implanted J-ueN
into CaInks at low energies, where the an- \ y s-nq~m

nealed profiles indicate a strong diffusion InP - butfer layer I

towards the surface. A pronounced dependence

of the annealed profile on the method used for

the SiO2 deposition could not be detected in s.r. InP

our SIMS study. PLL measurements at 4K showed

good crystalline quality and an activation of a}

100%. These results could be confirmed by the

excellent agreement between calculated and Ni-AuGe-Ni Ti-PI-Au

measured diode parameters (table 1).

Diodes and transistors were fabricated and

characterized. For structuring either a mesa

ething technique (Fig.2a) or a local implan- hIP buffer layer lurn

tation of the p+ region (Fig.2b) tras performed.

Active device areas were defined by wet s.i.InP

etching of the GaInAs down to the InP,

whereas the windows opened in the S102 were b)

etched by combining RIE and a wet etching tech-

nique. The channel and gate lengths are 3pm Fig.2: Cross sections of transistor struc-

and 1.5pm, respectively, at 200pm width. tures a) using an etched and b) using a
local implanted gate region

Barrier heights were determined from I-V,

I(T)-V and C-V measurements.

3. RESULTS

A barrier height enhancement of 0.42 eV was

achieved resulting in leakage currents as low IF
3 2uA)

as 2xl0"
3

A/cm
2 

at -9V. This corresponds to a

gate leakage of 0.lpA (lpm gate length). An I-V 100.0 . -

characteristic of a diode is presented in
i area: 5Ox50 1Fig. 3. " !..

Table 1: Measured and calculated barrier height /div .

enhancement on n-type GaInAa for samples - -v----

implanted at an energy of 4 keV with different

dose.. I

8 Dose A OS/eV 0]V '
keY ______(from J8  Gcale)0 L.

4 1x101 4  0.28 0.22 VF 1.250/div C V)

4 2xlO
1  0.304 0.3

4 3xO
24  

0.33 0.35

4 0.42 0.41 Fig.3:I-V characteristic of a barrier enhanced
Schottky-diode on Calnks j

1IOD



Test transistor channels were fabricated to ACXNOVLEDGDI

check the saturation current. From Hall The authors are indepted to U.Weimer for

(usn-7000 cm
2
/Vs ) and BPO-profiler measurements metal evaporation, D.Dunkmann for ion is-

and therefore known impurity distribution in plantation. U.Breusr for SIMS measuremets, K.

the channel, a saturation velocity of A.Wolter for PLL measurements and A.M.Krings

2xl0
7
cm/s was calculated. This is a promi- for performing RIE. This work was supported

7 sing valie for achieving high transconduc- by the German Research Foundation DFG.

tances.
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transconductance of 
2
50pS/m. Fabrication /2/ RaulinJY. atal.. Appl. Phys. Lett.

50 (1987) 535
of devices on thicker active layers is in pro-
grss /3/ Shannon J.H., Appl. Phys. Lett. 75 (1974)

gress. 75

4. CONCLUSIONS
/4/ ChenA.J., Cho A.J., Appl. Phys. Lett.
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annealing characteristics even at high doses
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can be used to fabricate barrier enhanced Electron Device Lett.
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type GaInAs. Due to the high electron veloci- Electronic Letters July 1987
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CONDUCTION MECHANISMS ANALYSIS AND SIMULATION OF 1.3 Pa LASER DIODES

S. Nottet, A. Changenet, J.3. Viallet
E. Dudda*", A. Accard"*, R. Blondeaui", N. Krakowski" "

CNET LANNION. Route de Tr@gastel - 22301 Lannion - FRANCE
* CNET PARIS, Av. de la R6publique - 92131 Issy lea Noulineaux - FRANCE

CGE-LdM, Route de Nozay - 91140 arcoussis - FRANCE
* THOSON CSF-LCR, Domains de Corbeville - 91401 Orsay - FRANCE

Numerical simulations and analytical models derived on lasers and test structures
enable to determine the parameters which allow to fit experimental I(V)
measurements, to pinpoint the semiconductor interface responsible for the excess
current and to determine the evolution of the performances under aging.

1. INTRODUCTION about 300x300 Pm2 surface. There are two types

The critical topics that are encountered of structure:

today in the lasers, for optical fiber telecom- -The layers of the A type (IA for MOCVD and hA

munications at 1.3 pm, are increasing efficien- for LPE) are those of the laser cross section

cy, lowering threshold current and ensuring the through the quaternary active layer.

reliability of the device under operation. -The layers of the B type (IB and VB) are the

Whatever the double heterostructure laser, the same as type A without the quaternary layer.

main difficulties are to obtain reproducible I-U The unidimensional conduction behavior in

epitaxial layers, to decrease the leakage cur- these structures of well known surfaces allows

rent and its drift and to control the evolution the interpretation of the measured electrical

of the device under long term operation. For characteristics. The A type structures are re-

these reasons it is a necessity to understand presentative of the only active region of the

which from the epitaxial Junctions are respon- lasers without confining and blocking layers e-

sible for the undesired current and for the de- fects. Both forward and reverse bias characte-

gradation of the performance under operation. ristics of the B type structures have been sea-

The main idea is to study separately the active sured in order to characterize n p InP Junctions

layer diodes and the lateral blocking layer which compose the blocking layers in both type

diodes. of lasers.

2. LASERS AND EXPRIMENTAL STRUCTURES 3. NUMERICAL SIMULATION

Two type of 1.3 Pa lasers have been studied: The simulation of the electrical behaviour of

-Type I are BH lasers from Thomson CSF realized the laser is performed by solving the general

t by NOCVD epitaxial technique. equation set of the static drift diffusion model

-Type II are DCPBH lasers from COB using the LPE to describe heterojunctions under Fermi-Dirac

technique for the layer growth. statistics [1]:
The test structures which have been charac- div 6 grd p u q (n-p-dop) ----

i~J a -qnr*n rd 9.
terized have been performed using both techni- 1 v J - U with
ques, NOCVD and LPE, and are issued from the q-Ji-J 3  u-U with I

I~ I J = -qJ4Lgn'd

same labrfiation tines as the lasers. They are q dv J U

all composed of uniformed layers and contacts on with 'p the electrostatic potential and Vn .9the

the whole surface. They are cutted in sampls of electron and hole electrochemical potentials.
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a-s carrier densities n, p are expressed using

Fermi-Dirac statistics in the parabolic band 2 ev

assumption:

n . Nc7,/ [ , , J ' p  "i ; P[ "V4I/2 "-- '--'

with X the electronic affinity and E, the beand

gap. The generation-recombination term U takes .5 "v

into account the three main phenomena involved

uP to the threshold current; U - UT + U.pUa: --

a The deep center thermal recombination: the as- EV a.

aumption Is made that the whole thermal recoabl- $

nation can be described considering, in each -1 n InP n InP p InP

layer, one dominant deep level center. The ener- -. .s

gy level of this mean deep center is usually a 1.16 2.32 3.48 4.64 5.
Micron

considered to be located at midgap. In fact

there is no reason for this, and for the active FIGURE I
Band diagram of a .8 V biased laser.

quaternary layer we found that the energy level

of the main deep center was above midgap. Under consequence the current voltage characteristic

Fermi-Dirac statistics, the formulation is [1]: cannot be describe by the approximation
Fn ___q___ I(V) = I0 (exp(qV/qkT)-i) which supposes the use

np - .n exp[kT of the Boltzmann statistics (whatever the
UT = T P (n+n1 ) ii(p+p, )  with j qcpp ideality factor qi).

' 1 exp kT ier 4 THE PHYSICAL PARAMETIERS

is the energy level of the center, T., Tp the Most of the physical parameters such as ef-
extrinsic lifetimes of the carriers which depend fective masses and forbidden bandgap energies

on the center density. have been found without ambiguity in the litte-

is The band to band spontaneous optical eission rature. More attention was taken concerning B0

This term is expressed so as to be valid at ther- and CA. The 1.3 pm spontaneous band to band exis-
mal equilibrium under Fermi Dirac statistics: sion constant is B0 . 10- 0 cm3 s-'(T/300)' 5

(nn'h In Some discrepancy on the Auger coefficients
I appears in the litterature. Among the possible

- The Auger recombination: this term uses a mean values, CA- 3.6 10-2 7 exp(-1280/T) c 6 s .' has

value for hole and electron processes as n - p been chosen (CA- 5 10-29cm6 s 1 
at room tempera-

when Auger recombination occurs. ture). Agreement of these values have been

A .'+ p)(np - nop); n~p np exp obtained by comparison with I() measured
A Ccharacteristics of the A type structures, as a

All the physicals parameters used in this function of the sample temperature. These physi-

equation set are temperature dependent so that cal parameters are fixed for all the

the simulation can be performed as a function of computations.

the device temperature T.

Figure 1 shows the simulated 1.3 pa laser 5. SIMPLIFIED MODEL

band diagram for .8 V forward bias voltage. It From the numerical simulation it has been

corresponds to high injection level before found that the current due to recobination

threshold current. This figure shows that, due terms, outside the quaternary active layer,

to the high carrier densities in the quaternary, were always negligeable in this type of struc-

Fermi-Dirac statistics have to be used. As a

1004 _ _



ture. So that the current can be directly d€- --

ribed by the integral ,' the reoombinatin terms U 1

in the quaternary layr. carier densitiesU * UT. U0,* UA VA
increase rapid'. in the quaternary when Incre-

sing the bias voltage and. when n ) 1015ca'3,the

assumption n a p, over the whole layer volue

vquater can be made. From these two assumtions-
an I(P).V(u) formulation can be derived where

the parameter u is the carrier density into the I
active layer.

C Is
1t(.) /~2 ~ 0~AMVUI..ij

. + Bo + 2CAv .v408ter

let k 1.2be the inverse function of 1/2 which U
can be numerically computed:
.(V a-.. (E - R./(V/

N1  0000Jis -h (- * I -1 R*Iz • ~(v) ---

T 0o is the carrier lifetime in the quaternary and
ni is representative o the energy level o the U

main recombinaison center . All the physical -A

parameters used in this formulation are those II

which are used in the numerical simulation and Voltage C V 3
are temperature dependent. The main difference VIOU 2

between the two models lies in the serial resis- 1(V) choocteristic from epsriment and Model:

tance R,. The resistivity of the semiconductor corbtion of the three "cmbination term.

material Is implicitly taken into account in the thes two prmeters am ndpendeIt and can be

numerical simulation (p InP layer), whereas It duced by fitting the experiental curves (when

has to be added in the simplified model. In both fixd t hav to fit at ay temperature).

cases the contact resistance has to be inclu- M 3 nd 4 S between P- -

ded. The onZ three djustabe parameters am o  riment and model for the two type of lasers at

and n, .which concern the recombination center. two temperatures.

and R. he obtaned ults an ver close for beth

6. DISCUSSION type of laser. The lifetim rengs between

The experimental I(V) characteristic of a

laser Is plotted in figure 2. This figure show tration of the recombinatiocenters.The asvalue rge betwe 106 and 10t'r "3 Thisf

the result given by the model and the contribu-

tion of each of three recombination term to the

level is rather close either to conduction or tototal current. It can be seen that eac of the valence bend end seems to be the Independent of
terms participates to a different part of the the epitaxial tchnique.
characteristic. The low current renge princi- 3 a l that the model is

pally depends on the thermal recombinatin term. met ale to describe the vy w uren ~t. This
The two parameters of this term are r, the

lifetime of the carriers, and n, which directly
depends on the energy level of the main recombi- t ive b the oel) w first uwoe to

nation center involved. Changing ches the teis its origin In the lateral blocking layers.

slope and the shape of the curve. IM lifetine Pot W lasers, the 13 structuree give direct

acts on the amplitude of the curve, so that esractorization of the current flowing in the

lateral blocking layers. The measured IMV
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Comparison betaeen experiment and model for Comparison between experiment and model for
a type I BH laser at 20"C and 50"C a type H DCPBH Laser at 20'C and 50"C

characteristics show currents some order of mag- The difference between measurement and model

nitude higher than those expected in p n InP ho- gives the excess of current and its evolution

mojunctions. Moreover the slope of the curves when aging. Moreover the fitted model gives the

cannot be describe by the drift diffusion model. evolutions of the lifetime in the quaternary and

The study performed as a function of the teape- of the serial resistance: typical variation de-

rature led us to think that the current is due duced after 20 hours aging at 70*C and 150 mA

to tunnel effect through deep center located at current are 1.4 10 8 
to 4 1O

9
s for 7r0 and 5.5

the interface between n InP and the regrowth p to 15 Q for R,.

InP epitaxial layer. This behaviour is more ge-

nerally found in abrupt heterostructure than in ?. CONCLUSION

hosojunctions. The fact is that both epitaxial For laser reliability studies, the proposed

techniques exibit the same behaviour and that it models permit to Identify and separate the main

contributions to the current characteristic of
may be conclude to the very high density of de-

fects at the regrowth interface. Nevertheless the lasers and their evolutions when aging.

the magnitude of the current is small enough to

be neglected with regard to the current density REFERENCES

flowing in the quaternary active layer. Our con- [1] Viallet, J.E. and ottet, S., Heterojunction

clusion is that the excess current does not come under Fermi-Dirac statistics, in: NASECODE 19

from the lateral blocking layers. neither from proceedings (Boole, Dublin, 1985) pp. 530-535

the quaternary diodes. but takes its origin at

the interfaces between quaternary layer and la- (2] Tsang. W.T., Semiconductors and Semietals

teral layers. Vol 22, part C (Academic Press, Orlando. 1985)

1006/

fI



P4.1.9

FAILURE ANALYSIS OF GaAlAe EMITTERSS

G. CONTE, F. FANTINI, F. MAGISTRALI

Telettra S.p.A., Quality and Reliability Dept.- 20059 Vimerqate - Italy

M. VANZI

Telettra S.p.A., Quality and Reliability Dept.-Via Capo di Lucca 31-40126 Bologna - Italy

The techniques used in characterizing the GaAs based lasers and LED's are described
and failure analysis results are reported for devices coming from Incoming inspection,

qualification, equipment production and field application. A detailed classification
of failure modes and the cor-elation with failure mechanism is shown by dividing
among external overstresses, package and die-related problems.

1. INTRODUCTION GaAlA devices, but some results on GaAs LED's

The reliability of emitting devices is still and InP based LD's are also reported.

considered the major limiting factor for the

spread of optical communication systems, so 2. TECHNIQUES FOR FAILURE ANALYSIS AND TECHNO-
i LOGICAL CHARACTERIZATION

that redudancy is used where very strict relia-
Owing to the novelty of these devices, withi bility targets, as in submarine cables, are

imposed [1]. respect to Silicon IC's, extended character-

izations were performed for qualification pur-Although GaAs based emitters have been used

for more than ten years in optical systems, pose. Among the microscopical and microanalyti
cal investigations performed the most effec-

very few reliability data are available, also
tive was Scanning Electron Microscopy (SEM)

because they are usually considered company
examination of cross sectional specimens, as

confidential, and the few data published in

literature (2-3 , are quite unsatisfactory. shown in figures 1 and 2. They were prepared
",: bliterature [2-3]n, are quitenunsatiseactory.

Moreover, when they arise from really operating by careful grinding and lapping single chips,

removed from the package and tightly glued
equipment, they do not contain any data about

against a soft glass. The exposed surface,
the causes of failure [3] . On the contrary,

properly stained, clearly shows heterostructu-most of the available data come from the ac-

res and p-n homojunctions In GaAs. This infor-
celerated tests [4] so that the correlation

,: marion Is necessary in failure analysis, which
4between the stress tests and field reliability

has not been demonstrated. requires the combination of optical and infra-

In this paper we report the results of fail- red microscopy, conventional SEN and Electron

Beam Induced Current (EBIC).
ure analyses performed on Light Emitting Diodes

(LED) and Laser Diodes (LD), coming from the Figure 3 shows the images of a good GaAlAs

laser, obtained by optical. infrared and scan-
different stages of production -and use of tel-

ecom equipment, including the qualification,the ning microscopy, and EBIC. Optical microscopy

incoming inspection of the devices, the equip- helps in detecting the most evident damage on

ment testing phases and the field application. chip, fiber or package. Infrared microscopy of
• : %the emitt~d light, or electroluminescence (EL)

The major.., of these results are related to t

This wcr" wRP partially supported by CNR under the "Progetto Finaliazato MADESS".

Present adc.- " Scuola Superiors di Studi Universitari e di Perfezionamento S.Anna-66100 Pis - Italy
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performed by means of a suitable converter ap-

plied to a conventional optical microscope,

indicates possible emission anomalies. Un-

fortunately, it is shielded by the metallic

contact layers and its resolving power is

severely limited by lens aberrations at such

a large wavelength. Conventional SEN gives

high resolution images of device surfaces.

EBIC technique is effective when the active

region of the device lies near the top surface,

because of the short penetration depth of the

SEN electron beam. When applicable, it is a
Fig. 1 SEN cross-sectional view of a GaAlAs powerful tool in localizing high recombination

oxide stripe laser.
sites in the whole area of the active layer,
also out of the lasing region. The different

distribution and thickness of the layers sepa-

rating the active region from the top surface

modulates the EBIC signal in a complicated

way, so that a direct interpretation of EBIC

images may be troublesome. However useful in-

formation is extracted by comparing the images

of good and failed devices.

3. FAILURE ANALYSIS RESULTS

3.1. GaAlAs LD

Fig. 2 SEN cross-sectional view of a InGaAsP The failure modes of many GaAs/GaAlAs oxide

buried crescent laser, stripe LD's, coming from incoming inspection

(I), qualification (Q), equipment production

(P) and field application (F), were classified

according to the optical power transmitted

across the fiber, the photocurrent induced

into the monitor diode and the I-V characteri-

stics of the diode. Three groups of failure

modes were identified, as shown in Table I.

TABLE I

Failure mode classification

A B C

opt.pwr in fiber none none reduced

monitor photocurr. none regular reduced

laser IV charact. degraded regular regular

percentage 18% 14% 68%

occurance IPF PF QPF

Fig. 3 a) Optical, b) EL, c) SEN and d) EBIC
images of a good GaAIAm LD. Mode A was always due to evident destructive

phenomena, such as the LD burn-out shown in
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Fig. 4 (an electrical short circuit was measu- of dark line defects (DLD) 6 into and around

red), and melted or mechanically broken wires, the lasing stripe (fig. 7b) and c) large dark

The failure mechanism may be classified as an areas outside the stripe region (fig. 7c).

external overstress [5]. Mirror damage was usually present in cases

b) and c), too.

Fig. 4 SEM image of a burned GaAlAs LD.

Mode B was related to mechanical fiber shift

(fig. 5) or misalignement, possibly caused by

improper mounting.

Fig. 5 Optical micrograph of fiber displacement

Mode C was the more frequent but also the

more difficult to understand. It showed typical

EL image with reduced emission, in agreem-nt

with electro-optical measurements (fig. 6), but Fig. 7 EBIC image of degraded LD's. a) Only
mirror damage, b) DLD in lasing stripe,

a clearer understanding was given by EBIC inves c) large dark area of enhanced recombi-

tigation, which enabled us to identify three nation out of the stripe.

different situations: a) damage circumscribed Mirror damage is an effect of excess current

to the mirror area (fig. 7a); b) formation injection. It was caused by erroneous opera-

tion in case a), and by the feedback circuit

employed to keep the output power constant, in

case b). No clear correlation between the im-

ages and the failure causes has yet been found

for case c), although a mechanism similar to

case b) could be assumed. In both cases the

growth of the intrinsic defect reduces the

radiative fraction of recombination, causing

the monitor diode to measure a lower power
Fig. 6 EL image of LD showing degraded emission

at the facets. emission and consequently to require more and
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more current to restore the proper optical to these optical emitters.

performance, until catastrophic damage of the

highly stressed facets occurs.

3.2. GaAlAs LED

In spite of their simpler structure, LEDs

are frequently more difficult to analyse: the

lack of a double access to emission measurement

(fiber and back-monitor diode in LDs, just fiber

in LEDs) and the almost general impossibility

of taking EBIC images of the devices having the

active region at the bottom of the chip limited Fig. 9 a) SEM image of a burned InGaAsp LD.
b) enlarged view of the burned area.

the available techniques to EL and optical

microscopy. 4. CONCLUSIONS

Figure 8 shows the EL image of a LED whose The techniques presented in this paper

failure mode was found in 75% of analysed de- enable the failure mechanism affecting emitting
vices and could be compared with mode C of devices for optical fiber communications to be
Table I (optical degradation and correct elec- identified.

trical characteristics), and the associated Over 30% of the failures are due to the

failure mechanisms, that is the growth of large electrical overstresses and mechanical prob-

non-radiative regions, preferentially along less, in particular associated with the coup-

defined crystallographic direction, seems to ling between device and fiber. In the other

be related to metal-semiconductor interaction devices, the damage of the facets of GaAIAs is

a common failure mechanism, probably due to

excess optical power in devices which failed

in a very short time during testing, but coup-

pled with DLD's in the active stripe for devi-

ces that lived for longer times in controlled

conditions. Non radiative regions were also

found in degraded LEDs.
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TECHNOLOGICAL CRITICAL POINTS OF InrwAP/InP 1.3 i LASE AS EVIDENCE OF 12000 HOUR cw
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CSELT - Centro Studi e Laboratori TelecomunicaziOni S.p.A. -
Via G.Reiss Romoli, 274 - 10148 Torino (ITALY)

Abstract. Electro-optical characteristics evolution of InGaAsP/InP lasers after 12000 hrs
life tests with respect to their technological - crystallographic critical points is ana-
lyzed. Xn particular it was found the Indium die-attach is more relale than is thought; in
addition, through dynamic thermal resistance measurements, it is possible to screen out
badly soldered devices. Gold diffusion was a degradation process always present even if it
was not always the main one. Specific crystallographic defects result in influencing the
ageing behaviour both directly favouring pulse threshold current increase and indirectly
promoting thermal process like gold migration. Different SEN technics (SEI, EBIC, EOAX) and
Auger analysis are employed to analyze degraded devices.

1 - INTRODUCTION

We discuss the results of 12000 hour life 35

tests making correlations between electro-op-

tical characteristics evolution and techno-
25

logical/crystallographic critical points. /Z .48
The examined devices are 1.3 pa InGaAsP/ZnP W 44

lasers whose structure is shown in figure 1. .

Ti

t nP - 36 4~ %,

n- I nP--o 0 6000 10000 15000
I naAsP -~TIME (HOURS)

n-InP
Zn D ION-4

Pt __ Fig. 2 - CW threshold current percentage
variation at 206C vs. ageing time

gold plated copper heat - sink with a thin
HEAT-INKI film of indium solder. A careful observation

showed the presence of some voids inside the
Fig. I - Schematic structure of tested solder, even if seldom located exactly below

InQaAsP/InP leer the stripe region. The presence of voids in-

They have been tested in CW operation at con- fluence the device behaviour only when they

stant optical power (3 aN per facet) at 3 tam- are exactly located under the active region.

peratures (26,35, 450C). that is when they are "hot voids" (1]. Dynamic

Figure 2 shows the percentage variation of thermal resistance measurements, based on vol-

CW threshold current at 20*C for each device toge shift with Junction temperature increase,

with time. makes it possible to separate the die-attach

contribution and consequently to screen out

2 - 0IE-ATTACH badly soldered devices. In figure 3 the Junc-

All devices are mounted p - side down on a tion temperature increase vs. time of a badly
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Fig. 3- Comparison between dynamic thermal

resistance measurements 0 0.6 1.0 1.5

soldered device is sham, compared to the ty- DEPTH (MU)

pical behaviour of a properly mounted one.

Indium die-attach is considered not reliable Fig. 4- Comparison between Auger gold depth

mainly due to the formation of whiskers and profiles in the stripe region

intermetalllc compounds with gold [2]. At the ration and in pulsed operation. In addition

end of the life test all devices have been device No.47 has shown a continuous increase

examined by SEN EDAX inspection and no evi- of the threshold current starting from the be-

dance of these kinds of processes were found. ginning of the life test while the threshold

current increase for device 46 started after

3 - CONTACT DEOPRDATION about 6000 hours of operation life. SEN obser-

Referring to figure 2 it can be seen that vations and EBIC analysis have shown two dif-

the p - contact metallization consists of a ferent crystallographic defects, responsible

gold alloy covered by titanium and platinum for the different ageing behaviour.

layers. Auger gold depth profiles of the con- Figure 5 is an interference contrast iage

I tact stripe of two devices, one aged and the of the p - side of device No.47. The cross

other a reference, shoed gold migration insi-
de the cladding layer in the former sample.

Comparison between the two profiles is shown

in figure 4. In the reference sample gold was

found up to a depth of 0.26 'm (due to alloy-

ing process) while for a 12000 hour aged sae-
ple gold wes found up to 0.76 pm, damonstre-
ting that diffusion has occurred.

This degradation process ms always present

even if for some devices other specific mche-

niss were stronger in determining ageing

degradation.

4 - CBVTALLOBAMIC WIM Fig. 5- Cross - hatched pattern of misfit

Devices 47 and 4$ (both tested at 46C) he" dislocations in device No.47

show a threshold current increase in CM ope-
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-hatched pattern of misfit dislocations is As expected these misfit dislocations are lo-

clearly visible. Figure 6 presents a pair of cated in the JnP cladding layer as shown by a

SEN images in SEI and ESIC modes respectively, selective chemical etching of a part of this

showing the direct correspondence between the layer (figure 7). These misfit dislocations

misfit lines in morphology and the dark lines

in ESIC ode. These defective lines are in the

E1 T 01 direction that is in agreement with

previously published results on asymmetry of

electro-optical properties of misfit disloca-

tions in InGaAsP/InP heterostructures (31 (41.

Fig. 7 - Device No.47 after selective chemical

etching of a part of [nP cladding

layer, showing misfit dislocations

are located in the cladding

a) are caused by the known phenomena of the edge

growth end this is consistent with the fact

that device No.47 actually comes from the edge

of the wafer as can be seen in figure S. The

low initial To value, 530K compared with an

average value of 650K, is probably related to

a higher over-barrier leakage, promoted by

deep levels associated with the presence of

b)

Fig. 6- SEN images showing the correlation

between cross - hatched patterns in

morphology and dark lines in ESIC

mode.

a - Secondary electron image of the

surface

b - Electron bea induced current Fig. S - Front view of device No.47 coming

image from a wafer edge
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misfit dislocations. The threshold current in- metal removal. The EBIC image (35 KeV) shows a

crease (CM and pulse) with ageing time can be dark region, located across the stripe, whose

due to mechanisms related to electronic pro- size is about 10 x 15 jim. Figure 10 is an en-

cestes and thermal processes, specifically largement of this defective region. Comparison

propagation of misfit dislocations in the ac-

tive layer with deep gold migration along par-

ticular paths, or contact degradation due to

the uniform gold migration as discussed in the

previous paragraph. The large increase in

thermal resistance and in series resistance

(ARg 30%, ARs  20%) strongly support these

hypothesis.

Figure 9 presents SEX and EBIC images of the

p-side of device No.48 after detachment and

a)

a)

b)
Fig.10 - Enlargements of the defective region.

Both figures show the same area.

a - SEX image

b - EBIC image

between SEX and EBIC images clearly shows that

there are no surface metal residues or other

particles in the dark region. Consequently the

dark area has to be related to bulk crystal-

lographic defects and, considering, size and

b) geometry, it could be a dislocations-cluster

Fig. 9 - SEN images showing device No.48 after which has propagated during epitaxial growth,

p-metal removal, starting from the InP substrate (6] (6]. The

a - SEX image low initial To value, 430K, supports this hy-

b - ESIC image showing a dark area pothesis. The large increase of the thermal

I across the stripe resistance (ARe 64%) and CW threshold current
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(AJth 20*) proves that the main degradation can become the main cause in devices degrade-

process has to have a thermal nature. As the tior.

die attach contribution in the thermal resi-

stance increase was not significant, it was ACIOtI ENTS

supposed that the contact region degradation The authors are grateful to F.Taiariol for

was responsible for the observed behaviour. In helpful discussion.

fact SEN EDAX analysis of the dark region, of- This work has been partially supported by
ter partial cladding removal with ion beam et- CNR progetto finalizzato "MADESS".

ching, brought to light gold segregated here,

visible in figure 11. It is reasonable to REFRNCS

think that the cluster of dislocations can be- [1] Yerman A.J., Burgess J.F., Carlson R.O.

come a preferred path for gold migration, and Neugebauer C.A., IEEE Trans. On Comp.4

(1983) 473

(21 Nizuishi K.J., Appl.Phys.55 (1984) 289

(3] Yamazaki S., Kishi Y., Nakajima K.,

Yamaguchi A. and Akita K.J., Appl.Phys.63
(1982) 4761

[4] Yamaguchi A., Komiya S., Ueda 0., NMakjime

K., Umebu I. and Akita K., Gallium

Arsenide and Related Compounds 1981,

Conf.Ser. No.63 (1981) 161

(5] Stirland D.J., Hart 0.G., Clark S.,

Regnault J.C. and Elliot C.R., J.of

Crystal Growth 51 (1983) 645

[6) Franzosi P., Salviati 0., Cocito M.,

Fig.11 - SEI image of the same area of figure Talariol F. and 8hezzi C., J.of Crystal

10, showing gold segregated in the Growth69 (1984) 388

t
tdefective region, exposed by ion beam

etching

5 - CONCLUSION
The results of 12000 hour life tests have

shown that laser diodes behaviour is strictly

connected to the technological choices. In

particular the use of gold as first layer of

p-side metallization is responsible for the

main degradation for all devices; furthermore

the choice of indium solder has proved to be

reliable when used with TiPt metallization and

in mild temperature conditions.

Even if InGaAsP/InP lasers are not basically

considered susceptible to degradation due to

crystallographic defects, we have found that

misfit dislocations and clusters of disloca-

tions, already present before the life test,ii 1015
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TURN-ua DELAY TIME FLUCTUATIONS IN UNBIASED GAIN-SWITCHED
AlGaAs/Ga~s MULTIPLB QUANTUM WELL LASERS

B. H. Btttoher, K. Ketterer, and D. Bimberg

Institut fUr Festk~rperphysik I , Technisohe UniversitAt Berlin
Hardenbergstr. 36 , D-iOOO Berlin 12 , Germany

The turn-on delay time jitter in unbiased tain-switched AlGaAs-GaAs multi-
ple quantum well lasers is investigated in etail. The rms timing Jitter is
determined by measuring the transient fluctuations of the total emitted
power using a fixed-time sampling technique with a picosecond temporal
resolution. The turn-on jitter is found to decrease significantly with
increasing pumping rate, particularly when the lasers are operated at an
excitation level where only the first relaxation oscillation is emitted.
The rms Jitter of the emitted optical pulses decreases from about 20 ps
Just above the laser threshold to a valu, of 14 ps at the threshold for the
appearance of the second relaxation oscillation. These results demonstrate
that the accurate adjustment of the pumping rate is essential for a low
Jitter single pulse operation of the gain-switohed lasers.

1. INTRODUCTION evident that a low timing Jitter is a

Gain-switching of Injection lasers by requirement for a low error rate. The

short electrical pulses is a convenient pulse-to-pulse timing jitter is an inhe-

method for the generation of picosecond rent phenomenon of a gain switched semi-

optical pulses /1/. There are numerous conductor laser. The spontaneous (ran-

applications for such pulses in various dom) character of the onset of the laser

areas like long range data transmission emission results in fluctuations of the

at gigabit per second rates /2,3/ and turn-on delay time. Despite its large

optical sampling /4,5,6/. Recently de- importance little work has been reported

tailed experimental and theoretical In- until now on experimental investigations

vestigations of the minimum pulse width of the size of the Jitter, in particular

which can be obtained for various types for fully modulated lasers.

of lasers, cavity length etc. were re- In this letter we focus our attention

ported /I/. The applicability of such a on the timing jitter of unbiased gain-

source of ultrashort optical pulses, switched lasers driven by short inJec-

however, depends not only on the pulse tion current pulses at comparatively

width and the pulse energy but to the low repetition rates. This case is im-

V€ same extent on the pulse-to-pulse timing portant for all the applications for

Jitter which has to be reduced to a suf- which the optical background signal be-

ficiently low level. In many experiments tween subsequent laser pulses has to be

where repetitive pulses are utilized, minimised like time resolved spectrosoo-

like optical sampling, the timing Jit- py and the all optical boxcar system

ter causes a degradation of the temporal /6/. The lasers studied are AlGaAs-GaAs

resolution if its value is comparable or multiple quantum well devices which are

larger than the optical pulse width. For particularly attractive for gain-swit-

data transmission applications, it is ohing applications because of their im-
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proved modulation performance and lower analysis mode. An avalanche generator is

threshold currents compared to aonven- used for the short electrical pulse ex-

tional douple heterostructure lasers citation of the XQW lasers. The pulse

/7,8/. Experimentally, the statistical amplitude is 40 V (at 50 S load) and

distribution of the turn-on delay time the full width at half maximum (FYWHM) of

is measured by a modified version of a the pulse is 240 ps. The structure and

broad band sampling technique which was the properties of the NQY lasers as well

used for the study of partition noise in as their high frequency mounting have

semiconductor lasers /9/. The observed been described in detail elsewhere

probability density functions are fairly /8,10,11/. The lasers are mounted on a

well described assuming a Gaussian dis- copper heat sink and the temperature is

tribution for the turn-on delay time. controlled by a Peltier cooler. All mea-

The root mean square (rms) value of the surements are carried out at 296 K.

turn-on jitter is found to increase sig-

nificantly if the pumping rate is de- 3. THEORY

creased to the laser threshold. A rms In order to gain quantitative informa-

jitter of up to 20 ps is registered in tion on the timing jitter from the mea-
this case. With increasing pumping rate sured statistical data we have developed

the turn-on Jitter decreases and satu- a model which is presented in the follo-

rates with a corresponding rms value of wing. Assuming that the turn-on delay

about 8 ps. Our results demonstrate time td is normally (Gaussian) distri-

that, for low jitter optical single buted its probability density function

pulse generation, the pumping rate has (PDF) is given by

to be adjusted tn a value just below the exp{-(td - Td)2/2 Cd21

threshold value for the appearance of P(td) =----------------------- (1)

the second relaxation oscillation in d %21t

order to minimize the optical pulse

width and the jitter simultaneously. Td and ad constitute the mean and

standard deviation of td' Using the

2. EXPERIMENTAL fixed time sampling method we measure
In order to study the pulse-to-pulse the power fluctuations caused by the

timing Jitter we measure the power dis- turn-on fluctuations. Therefore, the PDF
tribution of the emitted laser radiation of the power P(y) which corresponds to

at a fixed sampling time. The repetitive P(td) should reflect the experimental

optical transients are detected by an results. An analytical expression for

ultrafast GaAs-Sohottky-photodiode (10% P(y) is derived with the reasonable ap-

- 90% riaetime tr x 10 ps) and monitored proximation that the temporal waveform
rby a smpling head (tr = 20 ps).1 The y(t) corresponding to the first R0 has a

sampling head is used as an ultrafast Gaussian shape

sample and hold circuit. It samples the

instantaneous laser output with a pico- y(t) - exp (- (t - Td) 2 /2 C2) (2)
d p

second time resolution and holds it for

33 us. The output of the sampling unit y(t) is the normalized dimensionless

is processed by a multiohannel analyser time dependent power ,0 S y : ! , repre-

(MCA) operating in the sampled voltage senting a single laser pulse. In the
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absence of any turn-on jitter, y~t) of two independent random variables,
would be equivalent to the waveform dis- -m y + Yv* Therefore, their PDF's are

played by the sampling osoilloscope. related by convolution
This waveform, however, in broadened due

to the turn-on jitter resulting in a P(ym) - P(y) * P~v (5)
variance Cr 2 .6 + Grd 2  can be de-

termined directly from the temporal FWIU( 4. RESULTS

or the risetime of the waveform measured A typical experimental result for the

with the sampling scope. power distribution is shown by the dot-

P(y) is measured at a fixed sampling ted curve in Fig.i. As shown by the
time t - Td - T. Since P(td) dtd a P(y) solid curve in Fig.1 a good fit to the

dy it follows from (1) and (2) that P(y) experimental data is obtained using the

is given by expression for P(y ) derived above. Prom%m
the fits the value fork- C G/ U is

exf(,r _ (- n - T) 2  obtained. k is the only free fitting
P(y)------------- -- - (3) parameter. Or is determined using the

22 2
Cd 2 radtoa result for the sum a'  + Up

given by the experimentally recorded

Experimentally, the samples are taken waveform. The results for the total rms

atpte tn T1 /2 within the leading edge jitter ord determined in this way con-

of the first relaxation oscillation CR0) tam the inherent timing jitter of the

where the averaged emitted power reaches gain-switched laser 'do and that of the

its half value of the maximum power, driving and measurement electronics

T1/2 is given by Ord, The latter component de is ana-
with ___es__pin __scope, _owlysed seperately applying the method

T 1/2 2 lnO.5 C r 2 + U d2 ) (4) outlined above. It is found that the
core of this timing jitter is almost

It is evident from (3) and (4) that P(y) Gaussian distributed for the pulse gene-

depends only on the ratio k - CT / o rator In conjunction with the sampling
d p

In order to compare the experimental scope, yielding an rin jitter fe of
data with this model we have to take 3.5 p . Assuming that the electronic

into account the additive source of am- jitter components are mainly caused by

plitude noise due to the baseline fluh- the sampling scope /12/, an upper limit

tuation of the sampling oscilloscope for the inherent turn-on delay time jit-

which is the dominating vertical noise ter is obtained using the relation

component compared with the amplitude Gor2 = r d2 _- 2

noise of the pulse generators. The PD The PD data for minimal jitter at
k of this vertical noise component y is single pulse emission of the laser are

4independent and orthogonal to the timing shown in Fig.1. For this practiolly im-

jitter. It is measured by recording the portant case the intrinsic rms jitter is
output fluctuations of the sampling 14 p . A further reduction of the ampli-

scope in the absence of a photocurrent tude of the voltage pulse by about 0.2

signal. The PD? is found to be Gaussian dB results In a ms jitter of about 22

with a standard deviation of 0.8 m. pa. These result. demonstrate how oriti-

The measured values y* represent the sum al the adjustment of the pump pulse is,
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if low jitter single pulse operation is REFERENCES

searched for. Increasing the voltage /l/ for recent reviews on picosecond

amplitude about 2 dB above the laser pulse generation by gain-switching
of injection lasers, see D.Bimberg,

threshold the timing jitter starts to K.Ketterer, E.H.Bottcher, and
E.Sohdll Int. J. Electronics 60,

saturate at a rms value of about 8 ps. 23 (19865; P.-T.Ho, in Picosec-ond
Otoelectronic Devices, e. by T.
H.Lee, (Academic Press, New York
1984) p.11

/2/ M.Danielsen, IEEE J. Quantum Elec-
=, 0.7 tron. QE-12,657 (1976)
E /3/ K.Y.Lau and A.Yariv, in Semiconduc-

o.50 tors and Semimetals,-ed.---IV-.Tsan-g--AcaeMI Press, Orlando
S025 1985) Vol.22 Part B, p.71

/4/ T.Kanada and D.L.Franzen, Opt.
0.00 Lett. 11,4 (1986)

0 0.20 0.40 0.U O.W I

MMR In. U.u1 /5/ D.L.Franzen, Y.Yamabashi, and T.Ka-
nada, Electron. Lett. 23,289 (1987)

FIGURE 1 /6/ K.Ketterer, E.H.Bdttcher, and D.
Bimberg, Appl. Phys. Lett. 50,1471

Probability density of the emitted light (1987)g
power measured at the fixed sampling
time Te1 . The dotted curve represent /7/ Y.Arakawa and A.Yariv, IEEE J.
the experimental data for the N W laser Quantum Electron. QE-21,1666 (1985)
driven by short voltage pulses (HM 
240 ps). The excitation evel is adjus- /8/ K.Ketterer D.Bimberg, M.Brezina,
ted to the threshold of the appearance E.Schdll, lWeimann, and W.Schlapp,
of the second RO. The solid curve is a Europhysics Conference Abstracts
fit to the data with k a 0.67 using the Vol.gj,126 (1985)
expression for P(ym ) given in the text. /9/ P.L.Liu and K.Ogawa J Lightwave

Technology LT-2,44 t1984)

5. CONCLUSIONS /10/ G.Weimann and W.Schlapp, Europhy-
sics Conference Abstracts, Vol.8F,

In summary, we have studied the turn- 363 (1984)

on delay time fluctuatins in unbiased /11/ E.H.Bdttoher, K.Ketterer, D.Bim-
gain-switched AlGaAs/GaAs MQW lasers at berg, G.Weimann, and W.Schlapp,Appl. Phys. Lett. 50,1074 (1987)

low repetition rates. A braod-band
/12/ W.L.Gans, Proc. IEEE 74,86 (1986)

fixed-time sampling technique with pico- /

second time resolution was used to moni-

tor the turn-on jitter. In order to eva-

luate the rms timing jitter from the

observed statistical optical power dis-

tribution at a fixed sampling time, a

simple ,.;odel was developed which was

found to describe the experimental data

with high accuracy. In particular near

the laser threshold, the timing jitter

is extremely sensitive to the pumping

rate. Therefore, the pumping rate has

to be accurately adjusted to ensure low

jitter single pulse operation of the

laser.
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CARRIER DENSITY AND INTER VALENCE BAND ABSORPTION IN InGaAs(P) LASERS

I( S.HAUSSER, E.ZIELINSKI, M.ASADA+, H.SCHWEIZER, H.BURKHARD*, E.KUPHAL*f9
4.Physikallsches Institut, Unversltaet Stuttgart
Pfaffenwaldring 57, 0-7000 Stuttgart 80, FRG
+ Fellow of the A. von Humboldt Stiftung,
2n leave from Tokyo Institute of Technology

Forschungslnstitut der Deutschen Bundespost
Am Kavalleriesand 3, 0-6100 Darmstadt, FRG

A method is presented that allows the determination of the carrier density in
semiconductor lasers above and below threshold. This method is based on a line
shape analysis of the spontaneous emission. Corresponding gain values can be
calculated from the carrier density. Temperature dependent measurements of the
spontaneous emission and the differential quantum efficiency allow the deter-
mination of the optical losses at laser threshold. The result is a strong in-
fluence of inter valence band absorption on the threshold of 1.65 pm InGaAs
lasers and an extremely weak influence on 1.3 pm InGaAsP lasers.

1. INTRODUCTION 2. MEASUREMENTS

Auger recombination and inter valence band ab- The spontaneous emission of index guided la-

sorption have been determined to be the main loss sers can be measured in sideward direction, per-

mechanisms, contributing to the low To-values in pendicular to the laser beam. In sideward direc-

InGaAs(P)lasers [1]. However, the magnitude of tion, the spontaneously emitted light is only

the carrier density in the laser at threshold re- weakly Influenced by stimulated recombination

mains an open question, thus it is difficult to (whereas in forward direction the spontaneous

estimate the strength of the two loss mechanisms emission spectrum is dominated by amplification
relative to each other. In the literature densi- and absorption effects). This holds for index
ty values as high as 3.1018 cm"3 [2] can be guided lasers where the active layer is a small

found. In contrast, from gain measurements on stripe, surrounded by higher band gap material.

InGaAs epitaxial layers density values of The samples used were 1.65 pm InGaAs MS la-

1.5.1018 cm"3 can be deduced for a net gain of sers [4] and a 1.3 plm InGaAsP BH laser. The light

100 cm"1 [3] which is necessary to overcome the emitted in sideward direction was imaged onto a

mirror losses in a laser. monochromator by a microscope objective and de-

To overcome this discrepancy, we have perfor- tected by a liquid nitrogen cooled Ge detector,

med measurements of the spontaneous emission using conventional lock-in technique. The mea-

spectra and differential quantum efficiency of sured spectra were corrected for the spectral

various lasers operating at wavelengths between characteristic of the experimental setup. The

1.65 pm and 1.3 pm. From the spontaneous emission quantum efficiency measurements were done using a

spectra the carrier density can be determined by calibrated PbS detector. Care has been taken to

a line shape analysis, thus allowing the calcula- image all light emitted by the laser in one di-

tion of the temperature dependent material gain rection onto the detector.

in the laser. This value equals the total optical

losses as is confirmed by an independent measure- 3. LINE SHAPE ANALYSIS

ment of the quantum efficiency. The spontaneous emission spectra were evalua-
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ted by a line shape analysis using the following

model:

- direct band to band recombination with k-selec- 1.00- InGoAs-MS-Laser

tion T-300Ktion / 1-28mA

- constant interband matrix element 0.75- n-l.25lo 16cm- 3

- Landsberg broadening [5]. 0g,,-87cm 1

d
Additionally, the amplification/ absorption of >the light in the 2pm wide active layer was taken i 0.50

Cinto account using the expression for amplified

spontaneous emission [6]: "E 0.25

I(E,w) - rO (09(E) - 1)
g(0

where w is the width of the active layer (2 pm), 0.8 0.9 1.0

g(E) is the optical gain/absorption and rspon(E) energy (eVJ
is the spontaneous emission rate.ishthe spntaos wemiss ate. at fvlro t experimental and calculated spontane-

These spectra were calculated at various tem- ous emission spectrum of a InGaAs HS laser

peratures and carrier densities. The carrier tem-

perature was assumed to be equal to the bath tem- mum gain. Thus the total optical losses amount toabout 130 cm].

perature, as can be expected since the lasers we-

re operated under pulsed conditions. This assump- 4. RESULTS

tion is supported by the evaluation of the high 4.1. Threshold Carrier Density

energy tail of the spectra. The carrier density In fig.2 the result of the temperature depen-

has been determined by a least squares fit of dent determination of the threshold carrier den-

the theoretical spectra to the measured ones. sity is shown for the case of 1.65 pm and 1.3 pm

The result of such a fit is shown in fig.1 for lasers. The dots represent the values of the car-

the case of an InGaAs laser at 300 K and an in- rier density at laser threshold as determined

jection current of 28 mA which is approximately from the measurements. The line represents the

equal to the threshold current. The agreement carrier density needed for zero material gain.

between experimental and theoretical spectrum is The distance between the dots and the line thus

excellent at higher energies, supporting the indicates the additional carrier density needed

assumption mentioned above. The deviations at low to overcome the optical and mirror losses in the

energies are caused by stray light of the laser laser. This distance is nearly temperature inde-

beam in the cryostat and recombination via impu- pendent in the case of 1.3 pm InGaAsP, whereas it

rities. The carrier density in this case was de- is strongly temperature dependent for 1.65 pm

termined to be about 1.25.1018 cm-3 at T - 300 K. InGaAs.

Since the transition matrix element is known We also observe that the threshold carrier

to be equal to 20.7 eV from absorption measure- densities arc generally lower in InGaAs than in

ments [7] it is possible to calculate absolute InGaAsP. This results from the different band

gain spectra at a given carrier density, using structure of the two materials, i.e. lower elec-
tron masses in InGaAs.

the same theoretical model. In this case the ma-
ximum gain is about 190 cm"]. To obtain the mag- 4.2. Optical Losses

ximu gan i abot 10 c 1. o obainthemagThe different behaviour of the two materials
nitude of the optical losses, the mirror losses

of about 60 cm-I for an active layer thickness-of with respect to optical losses is shown in fig.3.
The dots represent the laser threshold gain va-

about 0.3 pm have to be subtracted from the maxi-

1022



creases at temperatures above 200 K.

20 * The temperature independent part of the opti-
15 = 1. 3 n cal losses (indicated by the dashed lines in

BH-Loser * fig.3) is ascribed to mirror losses (60 -

1 100 cm1 ), free carrier absorption (20 -

at l sr 'N 40 cm 1 ) [81 and scattering losses at the he-
thermodynamic taro interfaces. The temperature dependence of
threshold of gain the free carrier absorption is negligible compa-

red to the temperature dependence of the total

- 20 ' losses. This temperature independent part of the
InGaAs losses has a magnitude of about 250 cm"1 for the
AO• = 1.65 j

L 15 MS-Laser * 1.3 j laser and 120 cm1 for the 1.65 Pm laser.
density values from:
" line shape analysis = This indicates a better quality of the interfaces

10 x quantum efficiency 2 in the case of the 1.65 pm laser.

"* 300 InGaAsP
A = 1.3 ILm

150 200 250 300 350 200 BH-laser
temperature CK]

fIL2: temperature dependent carrier density o line shape analysis

values for InGaAs and InGaAsP. Dots are values 100 x diff. quantum efficiency
determined from spontaneous emission measure- E
Rents at laser threshold, crosses are calcula- U

ted from the diff. quantum efficiency. The so- 0 I X
lid line is the threshold for zero ain. C InGaAs

" 300-
lues calculated from the carrier densities. The = X = 1.65 Ipm

MS-laserVI
crosses show the value of the total optical los- 2

ses calculated from the quantum efficiency 
mea- " 0

surements by using the relation

1/LL n(]/R) 1 /L lnfl/R)
a+l/L ln1R) = ra

s tot
th of the laser, R is the re- 150 200 250 300 350

!i ~ ~flecttvity of the mirrors, a are the optical los-teprue[K

ses, r is the optical confinement factor, atot temperature dependent gain values for
InGAs and InGaAsP lasers. The dots are de-

are the total optical losses, including the mir- terioned from the line shape analysis, the

ror losses and O is the differentifl quantum ef- crosses are calculated from the quantum effi-
ciency measurements. The solid line is the

fictency. These total optical losses have to be calculated Inter valence band absorption and
equal to the threshold gain value. In fig.3 we the dashed line is the estimated temperature

observe good agreement between these two mea- independnt background absorption.

surements in both cases. In 1.3 pm InGaAsP the The temperature dependent part of the optical

optical losses turn out to be nearly temperature losses is ascribed to inter valence band absorp-

independent and in 1.65 pm InGaAs they show a tion. That means that it is virtually nonexistent

a strong temperature dependence. This result car- in 1.3 pm lasers. However in 1.65 pm lasers its

responds to a nearly temperature independent magnitude is about 120 cm" at a temperature of

quantum efficiency for 1.3 am lasers. For the 300 K (depending on the specific laser) and inter
case of 1.65A pm lasers the quantum efficiency d- valence band absorption has a strong influence on
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the threshold current. This is confirmed by theo- er than previous values published (2]. Temperatu-

etical calculations of Inter valence band ab- re dependent measurements of the threshold car-

sorption. rier density and the differential quantum effi-

ciency reveal a strong influence of inter valence

S. CALCULATION OF INTER VALENCE BAND ABSORPTION band absorption in the case of 1.65 pm lasers,

Again we used the model of a direct band to where its magnitude is about 120 cm1 at room

band transition between the heavy hole band and temperature. In the case of 1.3 pm lasers the

the split off valence band. Since this transition magnitude of inter valence band absorption is

takes place at high k-values, we had to take into negligible. The temperature and material depen-

account the nonparabolicity of the heavy hole dence of inter valence band absorption was con-

band. This was done by a linear interpolation of firmed by calculations, taking into account the

the band structures of GaAs, GaP, InP and InAs, nonparabolicity of the heavy hole band.

given by Chelikowsky and Cohen [9]. In order to

get good agreement between the calculations and ACKNOWLEDGEMENT

the measurements, the usual inter band matrix The financial support by the Deutsche For-

element had to be divided by 16. The result of schungsgemeinschaft under contract Pi 71/19 is

these calculations is also included in fig.3. gratefully appreciated.
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TWODIMENSIONAL MODEL FOR C3 -" AND EXTERNAL CAVITY LASERS

*
J.P. Van de Capelle , R. Baeta, P.E. Lagaese

University of Ghent - IMEC
Laboratory of Electromagnetism and Acoustics

Sint-Pietersnieuvstraat 41, B-9000 Gent, Belgium

A twodimensional, self-consistent model for cleaved-coupled-cavity (C3-) lasers is
presented. The model is based on the Beam Propagation Method and includes the non-
linearity of the medium : the longitudinal resonances are calculated in consistency
with the optical power, which affects the refractive index. The method reveals
some phenomena which cannot be found by means of a onedimensional model.

1. INTRODUCTION The optical field intensity alters the complex

During the last years people have searched for effective refractive index, through the stimu-

reliable, tunable and fast switchable lasers. lated emission and the plasma effect. This is

It has been noticed that external optical feed- similar as for single cavity lasers [1].

At the waveguide discontinuities the propagatingback may increase the mode selectivity of a

laser. A number of models have therefore been fields are partly reflected and partly trans-

developed for better understanding of these mitted according to the Fresnel laws. In this

lasers. Many models are based on (spatially way the method determines the resonant solutions

independent) rate equations, and only few models of the compound cavity. In order to obtain

include one spatial dimension. convergence, a special iteration procedure

To our knowledge this is the first report of a was developed. Starting from an initial guess

model for compound cavities including two dimen- of the field distribution, the power and the

sions, namely the longitudinal dimension and one wavelength, these quantities are adapted until

of the transverse dimensions. Although this a fully self-consistent solution is obtained..

model is relatively complex, it has the advan- First we iterate on the power and the mode

tage of taking into account a large number of profile. This is done by propagating the

physically relevant interactions between the field backward and forward, keeping the wave-

optical field and the refractive index distri- length fixed. After each roundtrip the phase

bution. Because of this accurate description of the beam is normalised. When a number of

the model can reveal some phenomena which cannot roundtrips have been done the mode profile and

be found with a more simple model. power converge to a stable solution. Then we

need to adapt the wavelength so as to satisfy

2. DESCRIPTION OF THE MODEL the phase resonance condition. As this con-
dition is coupled to the field intensity,

The model includes one lateral 
mode, which sa-

through the non-linearity of the laser medium,
satisfies a twodimensional, scalar, non-linear

we have to restart the intensity iteration.
Helmholtz equation. This equation is solved

This procedure is repeated until a fully self-by means of the Beam Propagation Method, which
consistent solution is found, satisfying all

is used to propagate the field backward and
boundary conditions. A similar iteration

forward through the whole (compound) cavity.
procedure is used in one-dimensional models

*Supported by the Belgian National Fund for Scientific Research (NFWO).
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3. A A4PLES the reflection coefficient, seen by the first

The oda1 has been applied to an index guided section, towards shorter wavelengths, and hence

C3 -liser, for which the gap width was chosen the threshold current and quantum-efficiencies

equal to an integer multiple of half a wave- of the different modes of the laser section

length, and an empirical transverse diffraction are altered, from fig. 1 it is aeon that the

and coupling loss was included. The lateral maximum 0utputpower P of each mode is mnrrn-

diffraction loss in the gap is accurately sing with increasing modulator current. This

included in this method by means of the BPM- power increase is strongly influenced by the

method. Two cases will be studied in detail. mutual coupling parameter

In a first case we fix the laser current at ao = S12321/(311S22). where Sik are the S-para-

= 6SaA and the modulator current is varied. meters of the gap [3 c The larger I a Ithe

In a second case the modulator current is stronger the coupling between the two sections

fixed at 30mA and laser current is varied. and the larger this power increase in P0 will

For the first case, the fig. 1-2 show the out- be. From fig. 1 it can also be seen that a

put powers for each mode from the laser mirror maximum output power of one mode (nearly)

(Po) and the modulator mirror ( respectively. coincides with the crossing of the power-current
inset in f depicts the situation curves of two other modes. This indicates that

10 f the dominant mode then coincides with a reflec-
P P0 tion maximum, while two other modes are situated

8() "4 symmetrically around the dominant mode,

6 2 3 'observing' the same reflection from the gap

and the modulator. This situation therefore

corresponds to a situation of optimal mode

2. rejection.
0 

2 (Mi) Fig. 2 depicts the ouput power P from the

5 20 25 30 35 40 modulator section. The inset in fig. 2 shows

FIGURE 1 the lateral far field distribution (normalised

Output power Po(mW) from the laser section. intensity and phase) of the dominant mode, for

We will restrict ourselves to a situation for 12 = 4aA. Comparing fig. 1 and 2 one observes

which the first section definitely remains that the maxima of P and do not perfectly

coincide : an offset of nearly 3mA betweenthe dominant section. As a consequence, we

only need to consider five consecutive modes these maxima may occur. This is important,

of this section, since other modes will be because the output power PL from the modulator

perfect repeat modes of these five. is usually detected to monitor the modulator

If the modulator current is increased, the mode current to a point of optimal spurious mode

powers behave oscillatory, the dominant mode rejection. From fig. 1 and fig. 2 it is

however easily seen that the crossings of thehaving the largest output power PFo . The

fig. 1 therefore indicates the wavelength different curves do nearly occur for the same
modulator current.

tuning which occurs as the modulator current
From fig. I and fig. 2 we can furthermore seeis altered. This wavelength tuning in a con-

sequence of the anti-guiding effect which that the mode rejection, at points of optimalsequenceerase wit inceain modulatorefec wi

superimposes itself on the built-in refractive biasing,increases with increasing modulator

index. If the modulator current is increased, current. This is a well-known phenomenon,

the refractive index of that section already reported in (41.
slightly decreases. This results in a shift of Fig. 3 shows the wavelength (X) of the diffe-
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rent modes. By means of an analytic approxima- current. The resulting output power P0 (full

rion it can o snown that the wavelength varia- line) and P0 + PL (dashed line) has been drawn

4_ in fig. 4. The main effect of the increase

(M)5 0.878Ahim) mo~ds 5__ _ _ _ _

A.U. degrees i

1 120

0.5 0 0.886726 4

00.88692
2 degi-ees 3

0.88680

0.88642
3

1 2
0.88634

1 0.88600

1 2 (MA)2
~0.88588
15 JO 25 36 35 40 45

0.88550
FIGURE 2

Output power P (mW) from the modulator section
for the different longitudinal modes (1-5) 0.88542
(I1 = 65mA). 15 20 25 30 35 40 45

tion with modulator current is proportional I2 (mA)

to [3 ] FIGURE 3

Wavelengths of the different longitudinal mode.
1d n_ (1 +b 2 1 M (1-5) (1 = 65mA). The wavelength becomes

d eff N stationary as the mode becomes aligned with
a reflection maximum or a reflection minimum.

in this formula p is the modulator roundtrip

gain, bef f is an effective anti-guiding para- 15.

meter, Jul is the normalised reflection seen Po' PO + PL m4de

by the laser section from the modulator and the

gap and 0 is the modulator roundtrip phase. 10 • -

From (1) it is seen that the wavelength varia- 1

tion with modulator current becomes zero as the 0

mode becomes aligned with a reflection maximum. 5 3
/ -- 4

Comparing fig. 1 and fig. 3 it can indeed be

seen that the maxima of P° coincide with points /

for which the anologue wavelength tuning becomes 0 11 ()

zero. According to (1) the maxima of P thus 50 55 60 6 70 75 0
0

coincide with a reflection maximum. FIGURE 4

In a second example we have fixed the modulator Output power P from the laser section and

current 12 at 3OmA and we changed the laser total output p8 wer P0 + PL"
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in laser current is a linear Increase in output &cuowxnomT
power. Thin indicates that the electron densi-

tyw n l s IThe author would like to thank P. Velbdet i

The influence of the power oathe opticlo o for useful discussions on this topic.

back from the gap and the aecond section upon

the first section Is nearly negligible. This

ti simply a consequence of the fact that the [1) R. Basta, J.P. Van do Capelle, P.Z. Lagasse,
'Longituildt Analysis of Semiconductor

modulator section is biased near tranaparanoy Laser, with Low Reflectivity Facets', IEEE

(see also [ 41 ). J. Quantum Electron., Vol. ,Q-21, No. 6,
pp. 693-699, 1985.

4. CONCLUSION (2 ] J.P. Van do Capelle, R. Beeta, P.R. Lagasse,
'Multi-longitudinal-4ode MJodel for Cleaved-

We have presented a twodimenuioal for 3-laeere Coupled-Cavity Lasers', IRE Proceedings
Part J, Vol. 134, No. 1, pp. 55-64, 1987.

and external cavity lasers. Some relevant phe-

nomena with respect to the stabilisation of the (3 ] J.P. Van do Capelle, R. Baets, P.E. Lagasse,
'Multi-Longitudinal Mode Model for Cleaved

output of the laser have been revealed by this Coupled Cavity Lasers, Part II : Calcula-

model. We found that one should be careful in tion Results and Discussion', to be publis-
hed in IRE Proceedings Part ..

detecting the modulator output for monitoring

the laser current to a point of optimal mode .14 3 C.H. Henry, R.F. Kazarinow, 'Stabilisation
of Single Frequency Operation of Coupled

rejection. Cavity Lasers', IEEE J. Quantum Electron.,
Vol. QW-20, No. 7, 733-74 , 1984.
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P4.1.14

SIMPLE ?WE FM SDUiiaUMr LAM ED FAMET RUX TVITY

Gian Paolo BAVA, Andrea BIAM

Dipartimento di Elettronica, Politecnico di Torino
C.so Duca degli Abruzzi, 24, 10129 Torino, Italy

Ivo MWTOSSET

Dipartimento di Ingegneria Biofisica ed Elettronica, ULnversitA di Genova
Via All' Opera Pia lla, 16145 Genova, Italy

The mode reflectivity of narrow stripe double heterostructure semiconductor laser is
evaluated using a simplified approach. It is based on a mode matching technique in
the Fourier Transform domain for a suitable equivalent structure. The method allows
to coipute the reflectivity by the evaluation of an integral in the spectral domain
and to obtain a closed form analytical expression for the radiation pattern.

1. INTOC1TION 2. FOJIJ ATION OF THE PROBL

The end facet reflectivity of The model used for our formulation of the
semiconductor laser devices has been problem is shoin in Fig. 1 (in the actual
extensively treated in the literature mainly structure .6 = 0). The interface between the
for a planar structure by several authors waveguide and the air cannot be in the general
11,2,3,4,5, etcl with different techniques. described as a boundary between two uniform
The three dimensional waveguide case, whose media owing to the difference of mode
interest is becoming of increasing importance characteristics in the two regions.
owing to the use of very narrow strip devices, The difficulties of the mode matching
has been so far considered only by two authors formiulation, for the evaluation of the
16,71. reflection coefficient for an incident mode,

The relevance of the present problem is are cormected with this point and with the
considerable not only for the evaluation of presence of the continuous spectrun in both
mirror effects on laser oscillators, but also structures.
as regards the computation of the radiation
pattern 121 (a well know characterization
parameter) and for the design of laser , Wavegow ,e air
amplifiers antireflection coatings 151. ' ,XY n2 3-

The previously reported solution 171 of
the problem under analysis, being based on a
rigorous fornmulation, is rather cumbersome. In - -er
this paper a simplified technique is
presented; it requires a small amouit of "I
computer time and, as a consequence, can be regon (M' (2) (3)

, eaily used for device otpinization. Extensive n, z-0 z-6
computation for the quasi-TE modes end facet

* reflectivity have been carried out; the Figure 1
evaluation requires only the caputation of an

integral in the spectral donain. The Tuo-dimensional model of the structure used for
formulation allows also to obtain in closed the problem formulation: (1) waveguide region,
analytical form an expression for the far- (2) "ficticious" transition region,(3) air.

a field radiat4 on.
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The reason for the large number of and trm dtted components can be computed
formulatica of the two-dimensional problem is using the relation

then mainly related with the degree of

approximations introduced end with the a2  a2 2 2

possibilities to haaxle the cont s jW Io- H (- + K n ) E (2)

spectrum: 0 a 3x
- neglecting the continuous spectrun in the

wweaide region Ill In region (2) and (3) this relation becomes

- discretization of the continuous spectrum in

the air and in the vieveguide region 13,41 (n 2  2)(1)

- rigorous formulation using the mode sets of H(,rn) = Y 22 21 20 E (E,n) (3)

the two regions and construction of iterative (
solutions 12,51

The computational difficulties are greatly and in the waveguide is written in the form

increased for the three-dimensional problems

for: e a 2  22

- the approximate evaluation of the waveguide jWP - H - (- + K n2 ) E =

modes (effective refractive index 0 ax X ()

approximation)

- the vectorial formulation; the two- =K K(nl(x,y) -n 2 )E

dimensional problem is strictly scalar y

- the bidimensionality of the set for the In our approximate formulation we have

expansion of the continuou spectrum. choosen n in such a way to set to zero the

The first approach to this case 161 was average vaLue of the second member, in (4).

obtained neglecting the continuou spectrum in This choice gives zero reflection in the

the waveguide region. The most recent one 151, limit of a first order approximation as can be

based on a rigorous extension of the work in shown both using coupled mode theory i91 or the

121, is relatively cumbersame from a numerical results of 121 in the two dimensional case.

point of view. With this approximation both the Fresnel

Our formulation is based on the quasi-TE reflection coefficient for incident quasi-TE

and quasi-TH approach for the mode fields in field on a plane interface between two media

the waveguide and in the air, on a proper with refractive index n and n or the matching

matching in the Fourier Transfor (F.T.) domain in the spectral d"xai betwen the Fourier

between the incoming reflected and tranistted components of the field at the interface give

field and it takes into account mode conversion -2_ 2 - 2 2 2

and the radiation spectrum in the wavegAde ( 2 o ) 3 -(n3K o-E 2

region. R(C,n) = 2 (5)

In order to be allowed to Introduce a 2(n2 Ko- ) 3 +(noK 2 - 2 )2

Fourier expansion for the modes we have

followed the idea 181 to introduce a fictitious
homogensus layer of refractive index n end %here .(n K2 - 2 -_ 2).

"zero thickness" that minimize the reflection

and the field deformation for the incoming The evaluation of the reflection

field at the waveguide interface, coefficient for the incident mode can be

In the Fourier dmain (E,) the total computed immediately by using the mode

electric field for quasi-TE modes is written in ortogonality in the waveguide

the form
R .11 (n2.~ R(F,rl) IE I dE drn (6)

E (F4,n)=(1+R(&,Tn)) %E,1Y)E2 (&,f1-E 3 (Q,n) (1W
W1ere the following normalization condition

W-dere n stands for the y ocponmnt of the holds
electric field in region n, and R for the
F.T. of the Incoming mode field and for the

prqmr reflection coefficient of its (,)JJ(n 2 K2 _& 2) tE 12 d dri 1 (7)

The Ccctiiity is set on the transve

mnetic field H X-=H.14 inceming, reflected
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3. C00ARISCN WITH OTHE FOMLUATIONS In order to test also the phase we compared
the Rozzi results in 131 for a single mode slab

For whiat concern the three-dimensional case waveguide 0.6 umn thick with ni=3.61 in the core
the formulaticn in 161 can be obte by and 3.40 in I cladding. For X = 0.9 un we
imposing R ( R) = R and neglecting -/Dx in obtained IR 1 =0.6216 and *=2.15 • instead of
(2) that limits Vthe validity of that 0.622 and 2.92-.
formulation to wide strips. More estensive results were found in 141

It is very difficult to compare and are compared in Fig. 3(a-b) with ours.
analytically our formulationi with the mo~st
rigorous in 171. For this reason a comparison
has been carried out with 121. The leading term
of the reflection coefficient gives exactly the 0.65-
same analytical expression of our approach. /

The only consideration about 171 is that A'n/n 10.5 %
the effort to give a rigorous vectorial 0.68 3 -N

characteristic for the field in the air coicide
with the quasi-TE approximation used in our
formulation. =0.61-I ()

4. NUMJERICAL RESULTS 0.59- 5

An extensive comparison with the results
found in the literature has been carried out. 0.57 ,-. .
Due to the relatively small rumber of results 0. 0.8 1.6 2.4 3.2 4.0 V
for the three-dimensional case 1101 a
particular attention has been given to test our
formulation for two-dimensional case.

In Fig.2 the results of Ikegami IIl for the 16

amplitude of the reflection coefficient of the
TE mode are compared with curs. 14n

0 zAn~f - 10.5 %
12

n2 -3.6
P 7.5%

. 1. 1.0 I 10

Annsl%(b)
0.42- .

0.39 4

4- 2 1.8 1.0;h 3.2 4.0 V

0.30

0 0

0 .3 3 -a r is' -x 0 b e t e e t h e r e s l t I 2 14.0 V - n
Figure cur: 3

0.0 0.E me0 Reflection coefficient for the saw structure
d[pm] in Fig. 2 as a function of V= K n An d.

00

Comparison between the results in 141°(-) nd
Figure 2 ours: (a) magnitude (b) phase.

TE 0mode power reflection coefficient for a

planar symmetric DH laser with active layer For the three dimensional case the
thickness d and n=3.60. Comparison between comparison with the numerical results in 1101
Ikegan Ill results (-) and ours for some is shown in Fig.4 and no ccmparison with the
values of the refractive index steps at results of the simpler formulation in 161 has
X= 0.85 an. been reported due to their limitation to wide

strips.
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7 he authors are grateful to V.GhOrgLa and

G.DSteUfnsox for stimulating discussions erd to
0.36- CW for the partial e.pport of t is wkric.

10.36 W Fino

d M3[4 121 Ikegami. T., IEE J. of Quntum

-.33 Electron., Q-8 (1972) 470.
10.34-1 1 21 Lewin L, IE Trans. Microwave Theory

d-01imTech., MIPI-23 (1975) 576.
" I 31 tozi, T.E., Init Veld, G.H., IE Tram.

Microave Theory Tech., MrT-28 (1980)

0.261.
0. 2 . . 41 Pudensi, M.A.A., Ferreira, L.G., J.Cpt.

W (0m) Soc. of Am., 72 (1982) 126.
1 51 Kaplan, D.R., Deimel, P.P., AT&T Tech.

Figure 4 J., 63 (1984) 857.
1 61 Ymr*ntchick, J.R., IEM J. (uaftLu

Quasi-TE mode power reflection coefficient of Electron., QE-18 (1982) 1279.
a H laer. Comparison between the results in I 71 Hardy, A., J. Opt. Soc. of Am., part A, I
10l (-) d ours. (1984) 550.

1 81 Vassallo, C., Electronics Lett., 21
Previous ctiarisonr show a maximum error (1985) 333.

around 2.5% and 5% for the power reflectivity 1 91 Marcuse, D., Theory of Dielectric
respect to the results in 121 and 141. Waveguides, (Academic Press, New York,

The discrepancy on the phase is greater aid 1974.

it reaches a maxim= of 0.03 red. 1101 Hmdelman, D., Hardy, A., Katzir, A.,
The results for the three-dimension case IEEE J. Quantu Electron., QE-22 (1986)

are quite good and show for narrow strips a 498.

decrease of the reflectivity conected with the
increased T character of the incoming quasi-
TE field.

5. CONCIISIONS

In this communication a simplified
formulation for the evaluation of the and facet
reflectivity has been presented. Its validity
has been checked with the most relevant results
in the liteature for the T mode of two- aid

three-dimenional planar beveguide. The
formulation of the problem in the spectral
domain allow a strfi*forwwrd applioation to
the evaluation of the radiation.pattern and to
the design of entireflection coating for laser
amplifier.
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A TUNABLE TWIN-STRIPE DISTRIBUTED-FEEDBACK LASER MODEL

M Federighi and T Kumar*

Marconi Italiana, 1 via A Negrone, 16153 Genova Cornigliano, Italy

* GEC Research Limited, Hirst Research Centre, East Lane, Wembley, UK

1. INTRODUCTION taking into account the current spreading in

There is a growing interest in tunable the passive layer and the lateral diffusion of

distributed-feedback (DFB) lasers, because of carriers in the active layer. The purpose of

their prospective importance in various this research is to investigate the effect of

applications. Tunabflfty is currently achieved different (symetrical and asymmetrical)

by dividing the laser cavity into an active pumping conditions on the longitudinal spectrum

region and a tuning region [1,2); a change In and therefore on the laser tunability. The

current through the tuning region changes the electrical part of the model has been treated

carrier density in the active region, thereby by solving a two-dimensional Laplace equation

changing the effective refractive index and the consistently with the carrier diffusion
i Bragg wavelength. A double-channel planar equation in the lateral direction, whereas the

buried heterostructure (DC-PBH) has been used corresponding field has been calculated using

g in both references E1 and [2]. the beam-propagation method (BPM).

Most theoretical treatments of DFB lasers A short description of our model is

have concentrated on broad-area models [4 iJ, presented in Section 2, and the results in

where modifications in the longitudinal Section 3; Section 4 contains our conclusions.

structure such as a %/2 phase slip in the

grating have been used in order to achieve 2 THE MODEL

single longitudinal-mode operation. The a) Electrical part

lateral structure of the devices has only been The model used in this analysis is

considered in the study of OFB laser phase substantially the same described in Reference

arrays [63, using the coupled-modes theory (8]. We have assumed that the highly doped

which is not valid for strongly coupled p-type "cap" layer does not contribute

stripes. However, the lateral field and significantly to the current spreading, and

carrier density profiles of the device that the n-type passive layer and the substrate

Influence the longitudinal spectrum through an can be replaced by an equipotential contact at

alteration of the effective refractive index the active layer interface; also, that the two

and of the Bragg wavelength [7]. This effect stripes are ohmic and equipotential contacts.

must be taken properly into account, No variations in the longitudinal direction are

particularly in the design of tunable DFB taken into account.

lasers, since alterations of the lateral For given applied potentials on the two

geometry of the device can significantly affect stripes, the current distribution in the p-type

its frequency spectrum. passive layer is determined by solving the

We present In this paper a more general two-dimensional Laplace equation v2Y=O, subject

subthreshold model of a twin-stripe DFB laser, to the insulated boundary conditions6  VV.nO.
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The current density injected into the active dielectric constant can be written as [12]

layer is given by:- 2rNaAN(x)-(r/ko)Ran(x)Na-lrNag(x)/ko

+i(1-r)Npac/ko (3)

J(x)I * -GOV(x)l (1) where Na and Np are the refractive indexes of
y-d y=d

the active and passive layers, r is the

where a is the conductivity in the passive transversal confinement factor, ko is the

layer. J(x) acts as the source of the injected free-free-space wave vector and ac is the

carriers, n(x), in the active layer; the absorption coefficient in the passive layer.

carrier density distribution n(x) can be Substituting +eikz+-e-ikz into the

obtained from the diffusion equation: scalar wave equation, dropping the negligible

terms j2/bZ2  and simplifying, we obtain the

coupled equations

Deff d2 n(x) - Bn2(x) = -J(x)ly=d (2) ±+ ± = i8 i 1 2 + ko Ae 4A+iK4 T
dx 2  et 87 1h9_ k f - (4)

where Deff is the effective diffusion constant that differ from the similar equations used in

[9), Bn2 is the bimolecular recombination term broad-area models because of the presence of

and t is the active layer thickness. the "lateral" (x-dependent) operator added to

Using Joyce's expressions for the Fermi aw/vg. Aw is the difference between the light

integrals [10), the potential across the p-n frequency w and the Bragg frequency wB, and vg

junction can be written as a function of the is the group velocity; Neff is the effective

carrier density n(x); the above equations can refractive index. We have solved Equation (4)

thus be solved self-consistently. by use of the beam-propagation method (BPN);

b) Optical part details may be found in Refereces 7 and 12.

In our analysis of the optical field inside Above threshold, a term -9(x) 14,2

the laser cavity, we have used basically the representing the stimulated recombination must

model of Reference [7] with some modifications. be added to the right-hand side of the

We have assumed the solution of the scalar wave diffusion Equation (2), and the electrical and

equation to be a superposition of a forward optical equations must be solved

travelling wave 4,+e and a backward self-consistently.

travelling wave *-eikZ, where *±(x,z) are

slowly varying functions of z and the wave 3 RESULTS

vector k is related to the grating period via In broad-area DFB devices the longitudinal

the Bragg resonance condition. Following mode spectrum is symmetric with respect to the

Reference [11) we have expressed the Bragg wavelength XB=2ANeff, A being the grating

grating-induced perturbation in the dielectric period (for a first-order grating). The two

constant c as h(K/k)cos(2kz), K being the modes whose frequencies are nearest to the

coupling coefficient of the grating. stop-band reach threshold simultaneously [3-5),

To take the lateral carrier profile n(x) and single-mode operation can only be achieved

into account, we have followed Reference [12) by modifying the longitudinal structure, e.g.

and assumed a linear dependence of gain on introducing a %/2 phase slip in the grating or

carrier concentration, g(x)-an(x)+b, and a a difference in reflectivity between the two

linear "antiguiding" perturbation -Ran(x). facets. This happens with a single-stripe DFB

Including a built-in lateral index step AN(x) laser as well [7]; taking the lateral carrier

as well, the total perturbation &e in the density profile into account results in a
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* i t

change of the effective dielectric constant and stripes are at the same voltage, the carrier

therefore in a shift of the Bragg frequency. density and field profiles are symmetrical.

The spectrum as a whole remains substantially Threshold is reached at 91.0 mA and 90.5 mA

the same as for a broad-area model with the respectively, and the frequency of the main

same longitudinal structure, it is only shifted peak is higher by 8 GHz In the gain-guided

following the Bragg frequency (Figure 1). structure than in the index-guided one, as the

x1ol centre of the gap towards the high-pumped
5 stripe, thereby reducing the effect of the

v/2ishifted index guiding. As to the antiguiding, we have
grating expected (we are speaking now of v=w/2x).

4 iI

3 [8.1x10 3 GIz

I I
'II

21 Twn-strpe I
Broad-area ITw-tip
Bra-ae 1Model

J,

FREQUENCY

Figure 1: Broad-area (broken line) and
twinstripe spectra with the same longitudinal 0 LATERAL COOR-.
structure

The shift in frequency is due to the Figure 2: Carrier density (broken line) and

"lateral" operator added to Aw/Vg in (4): we field intensity (solid line) for asymmetrical
pumping

can write the operator in brackets as
Figure 2 shows the profiles when the stripe

vL w L2 kvAvoltages are slightly different. The effect of

the asymmetry is different in the two
1(O-wg I8Jstructures: for gain guiding, threshold is
vg reached when the stripe voltages are 1.605V and

where w'B is the "perturbed" Bragg frequency 1.625V and the current is 91.05 mA, and the
and can be computed by use of the standard frequency of the main peak is shifted by

perturbation theory; clearly, the a2/8X2 term -5.14 GHz (0.041 nm shift in wavelength); for
and the autiguiding term in (3) tend to index guiding, the voltages are 1.61V and
increase the Bragg frequency, whereas the 1.62V, the threshold current is 91.0 mA and the

built-in index guiding tends to reduce it. frequency is shifted by 8.6 GHz (0.068 nm). The
We have considered two different lateral carrier and field profiles are similar in the

structures: the first has two 3 jim wide two structures, but in the index-guided one the

stripes separated by a 3 tm gap, the second one field is less shifted.
is identical but with a built-in refractive The different signs of the frequency shifts
index step equal to 103 localised In the gap; for the two structures can be easily explained

both structures have a %/2 phase slip in the as follows. In the index-guided structure, the
grating for single-mode operation. When both
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index step is localised between the stripes: 4 CONCLUSIONS

the asymmetric pumping shifts the field from to We have demonstrated that the longitudinal

consider both the lateral shift of the field mode spectrum of a DFB laser can be "tuned"

and the alteration of the carrier density also by acting on its lateral carrier density

profile, which decreases under the low-pumped profile, and that the frequency shifts

stripe and (slightly) in the interstripe gap obtainable in this way are comparable with

and increases under the high-pumpee stripe, those obtained by means of a direct

These are two competing effects, that must be "longitudinal" tuning: indeed, the tuning

considered together with the shift of the efficiency is of the order of 10 to 100 GHz/mA

field: our calculations show that for small depending on the details of the lateral

asymmetries this results in a decrease of the structure. Since ageing and degradation can

carrier-induced antiguiding. This is why the alter the lateral geometry of a device, thereby

gain-guided structure experiences a decrease in introducing unwanted lateral asymmetries, the

frequency; when index guiding is present, its performance of a DFB laser can be significantly

reduction is dominant and the frequency affected by the appearance of frequency and

increases, field shifts; the lateral structure must

Of course, the situation is quite different therefore be properly designed in order to

when the asymmetry between the two stripes is minimise such effects or to provide for their

larger: in Figure 3 we show the lateral compensation by means of some kind of lateral

tuning mechanism.
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IP.14. - INVITED PAPER

AIGaAs/GaAs MODULATION DOPED PETS FOR ULTRA HIGH SPEED SIGNAL PROCESSING APPLICATIONS

A. CHRISTOU

Research Center of Crete and Physics Department, University

of Crete, Iraklio, Crete, Greece.

MESFET and MODFET device technologies are reviewed in terms of device characteristics and pro-
cessing difficulties. The MODFET discussion is then extended to include the planar self-aligned
processes. The requirements for molecular beam epitaxy are presented. The results for ring oscilla-
tors are compared as well as a number of other device/circuit results.

INTRODUCTION mode FETs. The enhancement mode FETs have

The development of a field effect transistor GaAs resulted in a reduction of power consumption which

technology heralds a new generation of digital and allows one to increase their level of complexity up to

analogue circuits for high performance systems such as LSI level.

telecommunications, high speed computers, advanced The basic FET structure for MESFETs and MOD-

instrumentation and signal processing. Likewise the FETs remains the same: namely the recessed gatefIl

development of the MODFET (modulation doped field and the self-aligned gate. [21 The conducting channel is

effect transistor) or HEMT also heralds a new genera- formed in an n-type channel for the MESFET or a 2

tion of digital circuits due to its higher two-dimensional dimensional electron gas channel for the MODFET. A

electron gas mobility and saturated drift velocity. Schottky barrier is then formed followed by the ohmic

These properties translate into a higher switching speed contacts. For high speed applications, the gate is

and current and lower parasitic capacitances for MES- recessed in order to minimize the parasitic resistance in

FET and silicon devices of comparable geometry. This series with the channel. In the self aligned structure,

paper will review the important aspects of the gate itself is used to mask the formation of the

AIGaAs/GaAs MODFETS with respect to signal pro- source and drain. The most important difference

ceasing applications. Specifically the following topics between enhancement mode and depletion mode FETs

will be reviewed: is the thickness of the channel. Enhancement mode

FETs require a thin channel which is fully depleted by

I. MESFETS versus MODFETS the built-in potential of the Schottky gate. The deple-

U. The important aspects of the MODFET tech- tion mode FETs are only depleted when the gate is

nology biased negative with respect to the source.

a. Planar self-aligned process
I. MODFETs versus MESFETs

b. Molecular beam epitaxy
The cros-section construction of the MODFET is

shown in Figure 1. Two characteristics of MODFETS

In introducing a discussion of the MODIET tech- are essential in order to achieve larger noise margins

nology one has to assess the material advantages of and high speed. These characteris are the undoped

GaAs. As discrete components, GaAs lETs have been GaAs channel and the large barrier height. The gate

produced both as depletion mode and enhancement metallization makes contact through an n -AGaAs
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MODFETs FOR DIGITAL APPLICATIONS
!source Ge Drain

* LARGE BARRIER HEIGHT
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- High Yield MSI/LSI Circuits _,.d Gs

UNDOPED GaAs CHANNEL :. .. .. .. ...- : .. ,, .

- High Speed "

Develop and Optimize MBE Materials Growth,
Device Structures, and Fabrication Process to Achieve
Ultra High Speed/Low Power MODFET Device/Circuits

Figure 1

Schematic showing MODFETS for a totally planar technology.

layer directly to an undoped AIGaAs spacer layer and oscillator delays are derived from the superior transport

an undoped GaAs region which contains the 2DEG properties of the electrons in the 2DEG. The low

layer. This configuration results in a large barrier resistance of the 2DEG permits the attainment of full

height and therefore larger noise margins, higher speed device current at small voltages above threshold and

and high yield circuits. The undoped GaAs channel also lowers the parasitic resistance of the MODFET.

due to the minimization of impurity scattering results in For a logic circuit, a low on-resistance is important to

a higher transconductance and higher speed. maintain a good noise margin.

In order to compare MODFET and MESFET per-

formance, ring oscillator data has been plotted for a 1. MODFET/MESFET TECHNOLOGIES

number of high speed technologies as shown in Figure The MODFET self aligned gate (SAG) processing

2. At the present time E-Mode MODFETS have a gate technology is a 9 mask level process while a compar-

delay time of 10-30 ps at a power dissipation per gate able E-MESFET SAG process is a 10 or 11 mask level

of 1 mW. In comparison E-Mode MESFETS show a process. The MODFET process is initiated by the sub-

gate delay time of 30-10C ps at 1-10 mW power dissi- strate preparation followed by MBE growth, metal sili-

patton. cide, self-aligned implant, anneal, ohmic contact forma-

The basic device physics of the MODFET may be tion, isolation implant, first level metal, interlevel

understood through the examination of the conduction dielectric and via etch, second level metallization and

band diagram. 3.41 Figure 3.shows that a spatial separa- bonding pad deposition. The E-MESFET SAG GaAs

tion of electrons from the ionized donors is possible at IC process includes a channel implant at the start of the

the n +-AGaAs/GaAs heterojunction. The conduction process. The above process may include a submicron

electrons are therefore present in the undoped GaAs gate definition formed by electron beam lithography.

potential well up to the Fermi level. The high ring The Schottky metallization for a SAG process is usually
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jr ,
TABLE I

MOLECULAR BEAM EPITAXY MATERIALS STATUS

* 3 INCH GaAs PROCESS
* EXTREMELY HIGH ELECTRON MOBILITY

- 77K MOBIUTY OF MODFETs: 100,000 - 170,000 cm2Ns
* LOW MBE SURFACE DEFECTS

- KILLER OVAL DEFECTS < 1001cm2

D DEEP TRAPS ELIMINATED WITH SUPERLATTICES
- DX CENTERS REDUCED BY FACTOR OF 30

* MATERIAL CONTROL

Parameter ReprodN:lIty huifformity

Thickness 3% 2% In central 2.5
Inch of 3 Inch wafers

Doping 3% 2% over 3 Inch
Aluminu 2% <0.5% over 3 Inch

* VT UNIFORMITY OF MODFETs: = I 5mV OVER CENTRAL 2 INCH

superlattices. The trapping problem in the MODFET is

the most serious problem affecting its large-scale logic

application. The main trapping center is associated

with donors in the AlGaAs. At low temperatures the Superlattice MODFET
centers may be ionized by light and free-carriers will Threshold Voltage Uniformity
remain in the AIGaAs and with recapture will lead to

persistent photoconductivity. 25

Utilization of a superlattice has been able to elim-

inate many of the trapping effects and has resulted in a 20
superior threshold voltage uniformity. This is shown in VT (13 x13 array)AVG = .18V
Figure 4 for a gate array and indicates only a standard SDV=0.0084V1Is

deviation of 0.0084 volts from an average threshold

voltage of 0. 18V for an enhancei ient mode MODFET. 10
The drain-source voltage-drain current characteristics

are shown in Figure 5 for a 1.0 pin MODFET and 5

indicates a gm of approximately 225 mS/am at room

temperature. A source resistance of 0.7 ohm-m was 1.00 1.38 1.75 2.13 2.50

also measured for the MODFET. The g at 77 K Vots(xlO)

increased to 275-400 ms/mm. The improved noise Figure 4

margin performance is shown in Figure 6 where the Superlattice threshold voltage uniformity

noise margin has been measured to be 390 mV. for MODFETS.
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T=2300K 1

4.0-
1.2V

I.- 3.0 "
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0.08
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0.0 -
0.4V

0.0 0.5 1.0 1.5 2.0 2.5 3.0
DRAIN-SOURCE VOLTAGE (V)

Figure 5

IV characteristics for a SAG MODFET.

DCFL MODFET higher silicon activation, and a larger charge density.
Noise Margin Performance As a result of the superlattice, elimination of persistent

2.0 i.I I photoconductivity is possible, as well as reduced thres-
1.0.1 x 20 ,tiO FET
2.o0m x 10 *SATURATEO hold voltage shifts. The above configuration also elim-

RESASTOR
1.6 T= iV mates the presence of DX centers since only the GaAs

HOS E MAR(IN
(4Ox METHOO) - 300 my is doped. Figure 7 shows the band diagram of a super-

LU
0 1.2 lattice MODFET showing the undoped AlGal-, As

and the silicon doped GaAs. The spacer region is typi-

O - cally 50-100 A thick followed by an undoped GaAs

buffer. The IDS versus VDs characteristics show no

evidence of trapping and in addition the 77 K charac-

.40 teristics are very similar as the 300 K results as shown

in Figure 8. The DLTS spectra (deep level transient

.001 spectroscopy) for the n + GaAs /i-AIGaAs superlattice
.00 .40 .80 1.2 1.8 2.0 shows a 30-fold reduction in the trap concentration of

INPUT VOLTAGE (Vl)

Figure 6 over conventional MODFET structures. In addition,

MODPET noise margin performance. the threshold voltage variation has been decreased sig-

nificantly.

I. SUPERLATTCE MODFET I.C.s A comparison of the propagation delay and power

The n + AlGaAs layer of the MODFET may be dissipation for gate arrays and MODFETs is shown

replaced by a superlattice layer in order to have a n in Figure 9 indicating improved performance for the

(Si)-GaAs : i-AlAs superlattice charge control mechan- circuits with the superlattice charge separation region.

ism. The Si is now only within the GaAs resulting in a Both MESFET and MODFET technologies are
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OKI Electric
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100oe (300K)
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Figure 9

Power dissipation data for MODFETS and MESFETS.

compared. The optimum result reported to date is a 50 mW/gate. At elevated temperatures in the Banville Tri-

ps/gate delay time at a power dissipation of 0.5 pie Cell configuration optimum clock frequency is typi-

mW/gate. cally observed to decrease. Table II summarizes the

IV. CIRCUIT RESULTS AND CONCLUSIONS MODFET results reported for digital electronics. The

Results from a self aligned gate MODFET triple circuit of greatest complexity is a 5 x 5 multiplier with

cell for both and/nor and nor gate delay has resulted in a gate delay of 72 ps measured at 77 K. The ring

typical gate delay times of 40-75 ps/gate and 0.5-2.0 oscillator results at 2.33 GHz indicate a gate delay of

GHz clock frequency. Power dissipation for the MOD- 8.5 ps at 77 K. The 64 bit SRAM circuit showed the

FET self aligned gates is of the order of 0.5-2.0 least power consumption of 0.27 mW/gate.

I TABLE II

t AIGaAs/GaAs MODFETs FOR DIGITAL ELECTRONICS

GATE CIRCUIT ATE

CIRCUITS COUNT SPEED DELAY POWER COMMENTS

Ring Osslltor 25 1.75 WHz 1 11.6 pa 1.55mW/gte 300K FO = 1

2.33 0Hz 8.5 pe 2.50 77K FO : 1

ivide-by-4 25 4.3 0Hz 46.5 p. 2.0 300K FO=2

4bt SRAM 250 1.1 nogc 0.27

5 x 0 Multipler 370 1.8 naec 72 pe 0.43 300K FOa2.2

1.1 nfec 44 ps 0.73 77K

111nvlIle 233 1.7 aHz 42 pa 300K FO-2.2
tft
fun tional

1043 -55 to 200C
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A4.3.1

DOUBLE SELF ALIGNED BIPOLAR TRANSISTORS USING SALICIDE CONTACTS

H. KAbsa, M. Reisch, V. Probst, V. B3hm, J. Fertach, R. Schabor and H. Efgers*

Siemens AG, Mcroelectronics, Otto-Hahn-Ring 6, D-8000 Inchen 83, 1KG
*Siemens AG, Component. Division, Balanstr. 73, D-8000 Etnchen 80, PRG

A new double self aligned fabrication process for bipolar transistors is presen-
ted by applying the self aligned silicide (salicide) process using Pt to poly-Si
self aligned devices Very low sheet resistivities for the external base region
and therefore low base resistances are obtained. Temperature stability of the
devices for annealing at 7006C for 60 mn. is demonstrated. No sulicide brid-
ging is observed.

1. INTRODUCTION

Recent improvements in bipolar technology M SI02 0 sHaedl

and circuit performance are mainly exploiting
the benefits of polysilicon self aligned- a

(PSA-) processes [1,2]. The key feature of

these processes is self alignment between

emitter and extrinsic bass, both of these
regions being contacted by highly doped poly- b PoI-3
silicon layers. This concept leads to a dra-

stic reduction in base-collector junction area
and thus C... Furthermore, extrinsic base re-

sistance R.-. is reduced significantly due to

the self alignment of the annular pl-poly- pl-S
silicon base contact layer to the emitter

region. - -

This is no longer sufficient, however, with
further reduction of emitter widths down to
the submicron range, especially when elongated d
emitter stripes are used for minimizing the

internal base resistance R..L... This is be-
cause R3.... is still limited by the p-poly-si

sheet resistance (usually 100 1/0 or higher)

and thus will again dominate the total base

resistance Ra and limit device performance. B

Furthermore, unfavourable asymmetric current

distributions in the active region my occur

due to the voltage drop within the p'-poly-

silicon layer [3).

2. PROCESS FLOW Fig. 1 Process flow for formint salicide
Thse problem my be resolved by introdu- contacted double self al gned bipolar

transistors.

cing a second self aligned process step,
naely the formation of a self aligned and recessed oxide isolation (fig. Is). Next a

silicide (salicide) layer on top of both p* sandwich of p poly-Si and SiOe is deposited

and n4 polysilicon layers. The process flow by LICYD and patterned with vertical sidewalls
first follows conventional bipolar processing using reactive ion etching (RIB).. By depo-

using a buried n* collector region, n- epitaxy siting another CVD oxide layer and applying an
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unmasked RIE etch-back, sidewall spacers are 3. BASE RESISTANCE AND DEVICE PERFORHANCE

formed at the p, poly-Si electrodes. Base in- The sheet resistance of poly-Si in our

plant, n- poly-Si deposition, mitter drive-in standard process is typically 150 l/a . Using

and patterning of the n+  poly-Si layer yield the Pt-salicide process outlined above it is

the self-aligned emitter base structure de- lowered to 7 fie . In fig. 3 a calculation [3]

picted in fig. lb. of the total base resistance and its external

At this point the familiar PSA process flow component (emitter area 2xS Wn) with and

(13 is left. The n' poly-Si pattern is used as without salicide is shown as a function of the

a mask for another oxide RIE step, thus expo- collector current density.

sing the base (p+) polysilicon layer except

where covered by the emitter (n )-polysilicon 20
0 poly -silicon base

(fig. lc). A second oxide spacer is then JIO 1-s- cn ae

formed by depositing 200 nm of SiO (LPCVD- 160-

TEOS) and back-etching this layer in an un- 4 salicide base

masked lIE step. This second spacer serves to j 10 stiiebs
avoid silicide bridging at the edge of 

the n1
-  1 as

polysilicon layer. In our experiments platinum R R 0_
was then sputter-deposited to a thickness of b, ex
35 nm. Silicidation was performed at 370 0C in

a wet oxygen ambient; unreacted Pt was sub- 60-

sequently etched off in aqua regia. The resul- 40-

ting structure (fig. ld) shows complete sili- _

cidation of all polysilicon electrodes except

for the base polysilicon in the narrow n~lp +  
10 4

poly-Si overlap region. The silicided part of Oz - 2

the base-polysilicon forms a ring of low sheet C

resistance around the emitter region. Oxide
deposition, definition of contact holes and Fig. 3: Total base resistance and its external

component of a transistor with and
standard TiW/AlSiTi metallization complete the without Pt-salicide as a function ofcollector current density.
process (fig. le). A SEM picture of the emit-

ter region of a transistor before opening the The external component is reduced from 75M
contact holes is shown in fig. 2. to 33 0 and is mainly determined by the sheet

resistance (appr. 50 G/n ) of the non-sili-

cided part of the extrinsic base region

(overlap area between p'- and n*-poly-Si).

The impact on performance is demonstrated

by the gate delay times of push-pull ECL ring-

oscillators: a sensitivity analysis based on

SPICE and the appropriate base resistance data
gives a reduction of the gate delay time of

typically 20 X depending on emitter geometry.

4. STATIC DEVICE PROPERTIES AND THERMAL

STABILITY

Crucial issues for the application of the

salicide process in the production of high

Fig. 2t Sm-cross section of the emitter and speed bipolar circuits are device properties,

extrinsic base region of a Pt-salicided stability with respect to thermal stress after
transistor before the opening of silicidation and the yield obtainable.
contact holes.
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a

To clarify the impact of the new base con- [A]
tact process on the stability of our transis-
tors vith respect to thermal stress the dvi- -e

ces were annealed after silicidation. Fig. 4 10 - -_.

shows input and transfer characteristics as

well as the current gain vs. ic for a device t,

annealed for 1 h at 7000C after silicidation. 10 '

leb .7
(A] Idl a =

-2 1
1e- -- -. 0-

81 1614 ab

I
m 0 2 4 Pf8

I, , Ueb

S4 80 Fig. 5: Comparison of reverse bias characteri-
0 2 4 6 8 1stics of polysilicon (b) and salicide

Ube  - I contacted (a) transistors.

Fig. 4: Semilogarithnic plot of I., I. vs. I I I [A]

U. and double logarithmic plot of ____In~luaU~ a.T~ .
I vs. 0 of a sample with an additional k1a6T 10
annealing cycle (7000C, 60') after
silicidation. EV 12

f A comparison of the reverse bias charac-

teristics of emitter base diodes with and - 1

without salicided contacts (fig. 5) clearly

shows that no silicide bridging occurs. Both X I lob

devices show comparable tunneling characteris-

tics which are determined by the doping in the-_ 10
sidewall diode [4]. Differences in the reverse

bias characteristics of polysilicon and sali-

cide contacted transistors were observed only

at pA current levels. We investigated the team-- 16

perature dependence of the additional current 400 350 320 300 270

component and found the slope, of the corre- - T[K]

sponding activation energy plot (fig. 6) to be

540 meW - 3./2 in close accordance to what is Fig. 6: Activation energy plot of the additio-

to be expected from the SU deep trap model nal current component observed in the
19B diode.t (5).
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Since generation currents of this order of The sheet resistance of the external base

magnitude were found also in batches without was lowered to 7 l/ and so the total external

salicided base contacts we further investiga- base resistance could be reduced drastically.

ted the generation current per unit volume in As silicide bridging was not observed this

the reverse biased base collector junction and is obviously not a yield limiting factor.

found 
Of course the process flow described above

aj may as well be used with other silicides

- < 10-%Z Alp=* (4.1) allowing self aligned silicidation like TiSix

&V or CoSix. For these thermally very stable

There is no evidence that this additional materials, favourable combinations of emitter

generation current component is caused by Pt drive-in and silicidation steps might be

impurities but we may conclude that (4.1) envisaged.

provides an upper limit for the increase in

generation current to be expected. REFERENCES

[1] T.H. Ning et al., IEEE Trans. on

5. CONCLUSIONS Electron Devices SO 28 1010 (1981)

We conclude that the salicide process pre- (2] A.W. Wieder, Siemens Forsch. u. Entw.-

sented allows the production of BJTs with Ber. IL 246 (1984)

nearly ideal characteristics even after con- (3] J. Fertsch, 9. Klose and W.R. Bdhm,

siderable thermal stress - a fact especially Proc. of ESSDERC 1986, p. 65

important for a subsequent multilayer metalli- [4] H. Schaber, L. Treitinger and A.W. Wieder

zation process. 
Proc. of ESSDERC 1984, p. 342

(5] Sze, S.M., Physics of Semiconductor Devi-
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A4.3.2

Speed-Power Relation of Modern Bipolar Technology

P. Weger

Siemens AG. Central Research and Development. Munich, FRG

H.-M. Rein

Ruhr-University Bochum, Institute of Electronics. FRG

The recent progress in silicon bipolar cir-
cuits shows a remarkable leap to higher speed
and lower power consumption. This fact results
mainly from two achievements: self-alignment
and polysilicon emitter contact. In this work.
the high-speed and low-power capability of a
modern bipolar technology is demonstrated. It
is shown that even by use of rather conserva-
tive 2 um lithography, remarkable results can
be achieved.
First, the advantages of the polysilicon self-
aligned technology (PSA) are shown by compar-
ing this technology with a standard (buried col-
lector) technology (SBC). The simplified cross- Fig.2 REM photograph of the cross-section of aPSA transistor
sections of the corresponding transistors are
given in fig. 1. nal base region of the PSA is drastically

is replaced by the polysilicon layer on top of a

thick oxide. These features result in superior
transistor parameters compared to the SBC

technology. In table 1, transistor parameters of
both technologies are given on the basis of an

V P-emitter with a length of 20pm and a 2jpm

lithography. The main differences can be
*UIog h | noticed in the base spreading resistance R.

(00A) especially in the external resistance R6., theI collector-base capacitance COa, and the for-

P+ L ward transit time "r. Due to the oxide spacer,

P- 'Table 1 Comparison of the transistor parame-
ters for PSA and SBC technology.

Fig.1 Cross-sections of transistors for standard Emitter mask size 2x20pm5n
(SBC) and PSA technology. PSA sOC

The PSA technology developed for the produc- EIfective emitter size 1.4, 19.4WW 2.20 prn 2

tion of complex gate arrays was described else- same eehitame k.te . 600+s8 sn .46Q
where [1]. It is a double-polysilicon technique EmiW .- bWse ite C" 11 IF 96I
with oxide spacer between emitter contact and
extrinsic base contact (see fig.2). The polysill- Colle'or-ncapeitance c cp 70fF 181 IF
con layers are acting both as diffusion sources Cu=-.ureftr ca. cjp 140 fF 304fF
as well as contact materials. From ftg.l it can *@8 tMft' te rF0 ap 3p
clearly be seen that the extension of the exter- -...
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the effective emitter width is 1.4Mm for the
mask size of 20pm. Therefore, the internal base

resistance R is about 30% smaller in the case

of self-aligned emitter-base configuration at the

same sheet resistance of the internal base

(about lOkf},M ).
The use of polysilicon as. a source for the

diffusion of arsenic enables shallower emitters

and smaller base widths leading to smaller tran-

sit time TJ.. Moreover, a further reduction.of

transistor area at low R6 can be achievedi by

use of silicide or "polycide" instead o-p'olysili-

con base contact [3]. - - Fig.4 Input and output signals of the 8:1 fre-

The capability of technologies for producing... quency divider at 8GHz input frequency
high-speed ICs can be well dennstrated with q

circuits like static frequency dividers; Therie-'
fore, 8:1 dividers based on master/slave D flip-

flops with the inverted output fed back to the
.600

data input have been realized for this purpose. a

First, the circuit was designed and optimized E

for maximum operating frequency. Optimization ?400

included the resistances, currents, and voltage

swings as well as the geometry of all individual

transistors (cf. [4]-[6]). The circuit diagram and E 200

further details are described in [7], the photo- E

graph of the chip is shown in fig. 3 with a chip

area of 0.9mm2 including bond pads. At a total 0 2 3 4 5 6 7 s

Fig.5 Input sensitivity of the 8GHz divider

These results can be well compared because

both circuits have been designed using the

same methods and, moreover, consume about

*the same power. This demonstrates a speed
advantage of the PSA technology by more than

a factor of two for nearly the same lithography.

Fig.3 Chip photo of the 8GHz frequency divider This result has been confirmed by investigation
of other types of high-speed circuits on the
basis of both technologies [8].

power consumption of 430mW for the 8:1 fre- The question is how much- fIm m is reduced if

quency divider including the output buffer with the power consumption P is lowered. For the

500 load, a maximum input frequency f w, of circuit principle used, f u. is about inversely

8GHz was achieved. This is the highest fre- proportional to the gate delay td . Assuming that

quency for static frequency dividers based on a all transistors have the same size and that the

2pum technology ever reported to the authors' relation (2) given in [4] holds in rough approxi-

knowledge. The Input and output signal at this *mation also for the present circuit principle, we

frequency is shown in fig. 4.
Fig.5 presents the minimum required input vol-

tage vs. input frequency. It can be seen that at - (.)(+klP ).(k2,.r.+k3RC,)+k4RC

frequencies somewhat lower than 8GHz, the fe . R

input voltage can considerably be reduced. This expression should only indicate the basic

For comparison, with a 2/4m standard technol- relationships. At fixed voltage swings and resis-

ogy, similar to that in fig. 1, a maximum input tance ratios, the factors k, . . k 4 are constant,

frequency of 3.4GHz has been achieved [8].
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Ce , is an effective capacitance representing the designed for maximum speed. At P=lOmW, still

influence of junction and wiring capacitances more than 1GHz is achieved.
(cf. [4]). R is an arbitrary reference resistance It should be emphasized that the values of
(e.g. the load resistance of the flipflops) which I=mx at medium and higher power consumption
changes with varying power consumption P as would be considerably higher than those shown

R_. (2) in fig. 6 if the dimensions of transistors were
P adapted to P. At small power consumption and

minimum transistor dimensions, higher values
At small power consumption, the last term in (i)
is dominating. of f .. are achievable if the resistivity of the

As already demonstrated in [4], [5]. the reduc- epitaxial collector (pjowO.3cm) is enlarged

tion of Imax with decreasing P (i.e. rising R) resulting in a reduction of CO.
cThe results of the present work confirm thati can b e k ep t sm all by redu cin g th e len gth ofn o o ly t e m x u m a h v b e op r i g
enot only the maximum achievable operating

Jemitters, L, proportionally to P. In this way, speed is more than two times higher with a
the terms and RC.4 in (1) remain nearly modern PSA technology than with a standard
constant. Furthermore, RCff is only compara- SBC technology using about the same lithogra-

tively slightly enhanced as long as the lengths phy. but also prove the PSA technology to be

of emitters are sufficiently large and the junc- very well suited for high-speed circuits with low

tion capacitances are dominating over the wir- power consumption.

ing capacitances. Additionally. it should be mentioned that the

This adaption of transistor size to power con- ideal low-current characteristics of the PSA

sumption can only be obtained by changing of transistors. [I] enable us to realize circuits with

the masks. Therefore, first the dimensions of extremely low power consumption together with
the transistors have been maintained and the high-speed circuits on a single chip. Therefore,
power consumption has been reduced by for many applications the PSA technology is a

increasing only the sheet resistance of the serious rival for modern CMOS technologies in

polysilicon resistors. The experimental results the low-power regime.

obtained in this way are shown in fig. 6. At For comparison, fig. 6 contains the results

P46OmW still 4GHz are achieved. f max(P) of a 8:1 frequency divider realized in a
1/m CMOS technology. At fixed fmx(9iGHZ),
the power consumption of the CMOS circuit is

10 drastically higher than that of the bipolar cir-
5_ _ _ cult. Using the same lithography for both tech-

* ,*- 2 m ' nologies, the difference is much more enhanced.

I These results are mainly a consequence of the
fm /"much smaller voltage swings of the bipolar cir-

CM / ./ / Os cuits.

oS -However, it should be pointed out that this

comparison looks better for the CMOS technol-

ogy, if -as in many logic circuits- the medium
switching period of the gates and flipflops is

1 10 0 W co large compared to the gate delay.

Fig.6 Maximal input frequency of the frequency

dividers vs. power consumption References:
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A4.3.3

4Study on Current Transport Mechanism in Amorphous SiC Emitter M3T

Kimihiro Sasaki and Seijiro Furukawa

Department of Applied Electronics,
r- Graduate school of Sci. & Eng., Tokyo Inst. of Tech.,

4259 Nagatauda, Midori-ku, Yokohama 227, Japan

fCurrent transport model and current gain degradation mechanism of a silicon hetero-
junction bipolar transistor with amorphous SiC emitter are discussed by observing

various characteristics of amorphous SiC films as the emitter material. Under such
study current gain is remarkably enhanced by using low resistance micro-crystalline
Si, and current gain as high as 480 has been obtained.

1. INTRODUCTION transport mechanism on the a-SiC/c-Si hetero-

We have been investigating Si heterojunc- junction. Furthermore, after indicating means

tion bipolar transistors (HBTs) with amorphous such as useful micro-crystalline Si to enhance

SiC (a-SiC) wide band gap hetero-emitter [1], current gain. Actually, we will show an

(2] in order to realize future h:igh speed example achieving current gain as high as 480.

bipolar transistor and its system. The device

has several prospects: 2. DEVICE FABRICATION PROCESS

1) High current gain can be preserved due to Conventional Si process was used for fabri-

wide band gap emitter even under heavily cation of the HBTs.

doped base condition, which means reduction A field oxide film was grown thermally on a

of base resistance, chemically precleaned 7 0cm (111) n/n+ Si

2) In order to fabricate the very thin and substrate and a window was cut into it. Ion

heavily doped base region, the process tem- implantation (B+, 8xlO 12 cm-2 , 80 keY) was

perature must be low. The a-SiC emitter carried out for fabricating base region. A

can overcome this limitation, because the second oxidation(1025 *C, 30 min), base drive-

deposition temperature of a-SiC is so low in diffusion and activation anneal were

as to prevent redistributi rof base carried out simultaneously. An emitter window

impurities, was cut into the oxide, the base surface was

3) Moreover, It is considered that this cleaned by RCA boiling again. Immediately

emitter has good process compatibility with after the sample was dipped in the HF solution

conventional bipolar transistors having in order to remove a chemical oxide, the
i poly Si emitter, since the. poly Si emitter sample wus loaded into the discharge chamber

can be easily replaced by this emitter, of plasma CVD system wherein an a-SiC film was

In this paper, at first we will explain deposited. Then, the a-SiC film was etched by
fabrication process of a device and fund- CF4 RIE etching except emitter region. After

mental properties of a-SiC films. Then the finally Al electrodes were fabricated, treat-

cause of lower current gain than the val ue ment such as thermal or H2 anneal was not

expected theoretically from the band structure applied. A cross-section of the transistor is
will be cleared by considering a current shown in Fig.l.

loss
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E B Depo. Method :L-coupled plasma CVD

a-sic Sub. Temp. :350 "°C
1" 02 Dischage Power :60 W

Pressure :0.4 Torr

0.6 um Usig Gases :SiH4 5% (He, H2 dilution)
n •CH 4 100%

PH3 1% (He, H2 dilution)
Depo. rate : 40 I/min

C
Table 1. Deposition conditions of a-SiC.

Fig.l. Cross-section of transistor.

2.2 ,
3. RESULTS AND DISCUSSION Eg(oPt)&

3.1 Charactarization of a-SiC Films O 2.0 1064

- PH :3 %
a-SiC films were deposited by using induc- C 1.8-.Power:60W

rive coupled plasma CVD system. Deposition a6 u d:35-C 1075 'E
tiv copld pasm w1.6 Gd D ton Gas".

conditions are shown in table 1. 'Row: )

Carbon content X, conductivity ad and x0.6 10 O

optical band gap Eg(opt) were measured by 0

EPHA, I-V characteristics between two elec- X1 0.4 - - -

trodes and photo absorption respectively for I 100.2
H2 and He diluted gas sources. In those X I

measurements, suitable substrates (metal forn 10

carbon content, Corning 7059 glass for conduc- 0 0.1 0.2 0.3 0.4 0.5 0.6

tivity and optical band gap) were chosen. The Y : SiH 4 -Y) + CH 4 (Y)

results were shown in Fig.2 as a parameter ofCH 4  racton.Fig.2. Fundamental properties of a-SiC films
prepared from He or H2 dilution gases.

As the CH4 fraction increases, X and

Eg(opt) monotonously increase, however, ad

rapidly decreases. C content in the a-SiC gain of 180 is achieved in low collector

film prepared by H2 dilution gases is about current. This value corresponds to emitter

half of C content of the film by He dilution. Gummel number of 2x,0 14 s/cm 4, suggesting the

This can be explained that decomposition of wide band gap emitter effect (2].

CH4 in H2 dilution case would not be so A factor determining the current gain was

remarkably occurred as He dilution case. The indicated by using a band structure, resulting

conductivities of those two films at the same ;that we could explain large difference of

C content are almost same. Therefore, it is current gain between pnp type HBT and npn type

concluded that the conductivity principally HBT (1]. However current gains obtained were

depends on the C content in the film, rather not always high comparing with one theoreti-

than on the kind of dilution gases. cally predicted from the band structure.

In order to clarify mechanisms of such

3.2 Current Gain Degradation Mechanism relatively low current gain, the characteris-

Typical VCE-IC characteristics for a-SiC tics of emitter current and current gains were

emitter HBT are shown in Fig.3. A current measured as the function of VBE, and are shown
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in Fig.4. It is observed that the current

gain degradation starts at the same point at

which emitter current starts saturate. This 1 E Injected electron

behavior could be interpreted by a current flow (-Ic)

transport model at an a-SiC/c-Si hetero-

junction as shown in Fig.5. Defect recomb Interface-nation current -Itrae

states
' L l e'. sU •U

states /

(qREIE)

Voltage drop B /

Fig.5. Current transport model for a-SiC/c-Si

hetero-structure.

It is considered that since the a-SiC film

shows high resistivity as shown in Fig.2,

carrier concentration in a-SiC is extremely

Fig.3. Curve-tracer presentation of VCE-IC  small. Therefore, a current flowing through

characteristics for the a-SiC hetero- the emitter would be in the drift-current-
emitter Si-HBT. limited even at such relatively small emitter

current region. On the other hand, the inter-

face recombination current and the defect-
10 100 assisted current flowing via localized states

a-SIC/c-SI.
10L contribute base current would be still in the

a-Sinuedb tedeetsi aSC hc

=itiu

exponential increase region. 
Furthermore, it

1 s - exp ( ) 
is no te d tha t e l e c tri c fie l d ca use d by h ig h

emitter series resistance enhances the defect-

- tto1 z assisted current components just explained

1 Emtx above.

~kT 3.3 Improvement of Current Gain

1d6  It can be said from above considerations

that the current gain degradation is occurred

1 0' Id u e t o l o w c u r r e n t s u p p l y c a p a b i l i t y o f t h e
0 0.5 1.0 1.5 emitter rather than the interface problem.

Voltage (V) In order to confirm this hypothesis, as an

example, a micro-crystalline Si(lic-Si) emitter

Fig.4. Emitter-base diode current and current which provided wide band gap as same as a-Si

gain dependences on VBE. [3] in spite of much lower resistance was

used. The uc-Si was also prepared by L-couple

plasma CVD apparatus, under the same condition

as deposition of a-SiC film except adding Ar
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gas of 201 to SiR4, PH4 gas sources. In the As a matter of course, the hetero-interface

case without Ar gas, the film was a-Si phase, properties also should be improved. In order

not being icro-crystallized. The conduc- to realize this and obtain a high quality

tivity, band gap, grain size and film thick- amorphous or micro-crystalline SiC film, we

ness of uc-Si is 4.4 S/cm, 1.75 eV, about 50 A think that the films are necessary to be

and 100 nm respectively. Collector current densified.

density - current gain characteristics of the

samples are shown in Fig.6. The current gain ACKNOWLEDGMENTS
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4. CONCLUSION

We have discussed the current transport

mechanisms and current gain in a-SiC emitter

Si-HBT. It can be concluded that the current

gain of this type HBT is expected to be more

improved by increasing the current supply

capability of the emitter.
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A4.3.4

DEVICE DESIGN OF A HIGH VOLTAGE BiCMOS IC

Tong, Qin-Yi and Wu, Wei

Microelectronics Center

Nanjing Institute of Technology
Nanjing 210018, China

A new high voltage (H.V) npn bipolar transistor for H.V BiCMOS IC's has been deve-
loped which is fully compatible with conventional low valtage n-well CMOS process.
The npn transistor employs n-well of low valtage (L.V) CMOS as the collector drift
region and it acts as the self-isolation region as well. The narrow self-aligned
base is a result of double diffusion. The device has shown a high performence,i.e,
hFE of 100, fT of 31 MHz and BVceo of greater than 300 V. It is expected that com-
plementary H.V npn and pnp transistors of this type can be integrated with H.V and
L.V CMOS and bipolar devices on a same chip by Silicon wafer Direct Bonding (SDB)/
SOI technology.

1. INTRODUCTION sion technique for high gain and high speed.
Many ASIC (Application Specific Integrated The device structure and model is presented.

Circuit) designs require high voltage devices Experimental results show the proposed H.V

to be integrated compatibly in a same chip with bipolar device has high performance and is

conventional low voltage (L.V) control and drive suitable for H.V BiCMOS IC's. Monolithic inte-
circuits. Moreover, high voltage (H.V) IC's have gration of L.V CMOS/complementary bipolar with
been demanded not only by digital applications, H.V CMOS/complementary bipolar can be realized
such as flat display panels but also by analogue by newly developed Silicon wafer Direct bonding
circuits such as interface circuits in telephone technique, ie, (SDB)/SOI technology and it pro-
systems and piezoelectric actuator driver cir- vides maximum design flexibility for various

cuits. For H.V digital applications, high dri- system applications(3),(4).

ving capability and low power are main require-

ments while H.V analogue circuits with high gair 2. DEVICE STRUCTURE AND MODEL
band width and low noise are most desirable. Fiqure 1 is the cross-section of the new
Because of the inherent advantages of COS to H.V npn device. The 4.5 am deep n-well of L.V
digital and bipolar to analogue performence, CMOS is adopted as a self-isolated collector
the development of a compatible process tech- and the source/drain diffusion forms n+ collec-

nology combining L.V CMOS and bipolar with H.V tor contact and n+ emitter which is self-align-

CMOS and bipolar devices on one chip provides ed to the base edge. An additional photo step

an ideal solution to satisfy all the require- to open the base region, a boron implant and

ments, A monolithic integration technology of a drive-in step to form the base are performed.

L.V CMOS/bipolar-with H.V NMOS has been reported The aluminium or poly emitter contact acting

by us previously (1), (2) . Based on the as a field plate is across over the thick field

same n-well CMOS process, a new H.V biploar de- oxide and the drift region to increase the de-

vice is proposed which utilizes the n-well drift vice breakdown voltage BVceo.
region and emitter extended field plate to prop As Vce increases, the depletion layer on the

vide high breakdown voltage BVceo. The same n-well surface and that in the inside bottom

n-well provides self-isolation between devices of the n-well, caused by the field plate po-

and the narrow base is realized by double diffu- tential and the reverse biased voltage on the
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well, respectively, spread downward and upward,

respectively, to meet each other. At the vol- L )

t a g e o f V p1 , t h e w e l l I s p i n c h e d -o f f b e f o r e t h e R c - l s- --) -

electric field in base-collector junction rea- q jI x xws1o2  Nv 1 q

ches a critical avalenche electric field. The

further increased valtage is mainly dropped in (Vl+tbi) -  ((i- 2 + E--(VpIV 1

the pinch-off region and causes another pinch- X x s12 qNw

off to occur close to the n+ end of the well, (3)

P2 at voltage of Vp2 until the breakdown of

the well junction takes place. Lc-Lf S
2=. . ... ...... - -- -2irqMeNwXj q

B E lLfr C R2-2 1x ----- (4)q

Si02 n+ 'cbji 1 4

n well where round shape of the device is assumed and

T P-SUB I Lc "V c is the collector voltage.
To optimize the design, a trade off between

BVceo and Rc is made. Fiqure 2 is the experi-

Fiqure 1 Cross-section of H.V npn device mental results of Lc vs. BVce . It is clear that

structure for a specific required BVce, the shortest po-

ssible Lc should be chosen.

is given by

(_qN B  . £-jtF / 2qNB  I-
I)-)+w ---- (Xcw ceo2 i (V) LffJLc

~2

52 081 20

Where NB and Nw are doping concentration of 0 [ I I

p-substrate and n-well, respectively, tF 0 20 30 40 50 60 70 Lc'(OM)

thicknees of the thick oxide, xj the junction

depth of n-well, VF the flat band voltage of

thick oxide capacitor. Figure 2 Eperimental relationship between

Vp2 is expressed by BVceo and Lc

._qN 2 (2) 3. EXPERIMENTAL RESULTS
S2 iNB- The device has been successfully proeceed

by our n-well COS process with one extra mask.

The collector on-resistance Rc is composed Fiqure 3 is I-V characteristres of thf de-

of drift region resistance beneath the field vice. Because of the field plate stracture,

plate, R1 and the resistance of the rest of the BVceo is not a function of current gain hFE

drift region, R2: and the base punch-through is less a problem.
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tor has high performance, such as hle of 100

fT of 31MHZ and BVceo of grater than 300V,
cventhough much improved results can be expect-

ed by furthur optimization.

i fT
(MHZ)

30 1=

20 IOV

Figure 3 I-V characteristic of H.V npn

transistor 10

Horizontal axis, VCE, 50V/div; 0 • _ _ _ _,

Vertical axis, Ic , 500pA/div; 0 4 8 12 16 18 I c(mA)

Base current, 5#A/step

Figure 4 shows the experimental result of

hFE vs. collector current Ic . The device has

about 6500 gm2 emitter area and Lc of 70 m. It

is expected the degradation of hFE at higher Fiqure 5 Experimental results of fT VS. Ic
current will be improved by optimizing the de-

vi-ce design and process parameters. 4. CONCLUSION

A new H.V npn transistor for H.V BiCMOS IC
has been developed. The main feature of this

H.V BiCMOS technology is full compatibility

with a conventional VLSI 0OS process. It leads
lIFE susrt
120 Vce'OV to low cost, better performance and high flexi-

bility of ASIC designs. As advances of new iso-
80 / lation technologies, for example, SOI substrate

produced by SDB technique, complementary H.V
40 npn and pnp transistors of this kind can be

0 - m-A-m, integrated with L.V(MS/bipolar on a same

0 0.5 1.0 1.5 2.0 Ic(mA) chip.

We are grateful to staff of MCNIT for their

process service and the work is supported by

Chinese Natural Science Foundation(6866011)
Fiqure 4 Experimental relationship of h FE
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LASER DIODE WITH AN INTEGRATED GAIN/LOSS MODULATOR FOR THE GENERATION OF PICOSECOND
OPTICAL PULSES BY ACTIVE MODE LOCKING

J. Werner, G. Guekos and H. Melchior

Swiss Federal Institute of Technology
Institute of Quantum Electronics
CH-8093 Zurich, Switzerland

Lasers with an integrated modulation section have been used to generate
ultra-short actively modelocked optical pulses with 8 ps duration and
powers in excess of 400 mW. The pulses are of smooth shape and free of
substructures and bursts.

1. INTRODUCTION

The generation of ultrashort light pulses by sorber but with an additional external pulse
semiconductor lasers is of interest for various compression stage /2/. The purpose of this work
applications. Mode locking techniques - active, is the realization of a special laser diode and
passive or a combination of both - have been its implementation in a compact setup for the
applied to diode lasers in external cavities by generation of ultrafast repetitive optical pul-
several groups to produce repetitive pico- and ses. We report the development of an actively
even subpicosecond pulses /I/. In many cases, mode locked GaAs/AlGaAs Transverse-Junction-
however, the analysis reveals bursts of indivi- Stripe (TJS) laser with an integrated gain and
dual pulses or, in the case of single pulses, loss modulation section. The laser was operated
pulse shapes that suffer from noise and other in an external cavity with a diffraction grating.
instabilities. Recently subpicosecond pulses have To the best of our knowledge, this i- the first
been obtained from passively mode locked diode time that such a configuration was used to gene-
lasers with external multiquantum well (MQW) ab- rate actively mode locked repetitive pulses of

GRATING
LASER- MODULATOR-

LENS CURRENT CURRENT

A1A sk* "

m p-' dfd LASER-SECTION MODULATOR-

SECTION

FIGURE 1
Partial cut-view of the laser diode in an external cavity setup
with diffraction grating.
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smooth shapes with durations as short as 8 ps and 3. EXPERIMENTS

powers in excess of 400 mW. The pulses are free For mode locking the laser is placed into a

from bursts and substructures due to spurious grating-terminated external cavity with a length
reflections. An additional feature is the enlar- of 30 cm. Light emerging from the laser facet

ged frequency tuning range within which the pul- is collimated by an antireflection coated N.A.
ses remain short and free of distortion. %, 0.6 lens and directed onto a diffraction gra-

ting with 1200 lines/mm that was blazed at 1 i'm.
2. EXPERIMENTAL SETUP AND DEVICE FABRICATION The beam diameter perpendicular to the lines of

The mode-locking setup with the semiconductor the grating was 1 mm. From the grating, which is
laser, the modulator and the external cavity tilted by 32.60 with respect to the beam direc-

arrangement is shown schematically in fig. 1. tion, the light is reflected and coupled back

Both the laser and the modulator are fully inte- into the laser. The overall coupling efficien-
grated transverse-junction AlGaAs heterostruc- cy is estimated to be 10% or higher. In opera-

tures. These planar four layer heterostructures tion the laser, whose threshold is about 65 mA
are grown by LPE on semiinsulating GaAs substra- is driven by a dc current in the range of 70-
tes. A masked double Zn-diffusion is used to form 85 mA. The modulator section is forward driven

the lateral p ++-p +-n+ doping profiles of the from a comb generator that is connected via a
junction and index-guiding structures of the la- 50 Ohm line. The electrical pulses flowing
ser and the modulator. The first diffusion step through the modulator section have a peak value
was performed at 7000C for two hours using a of 215 mA and a FWHM of 130 ps. The light out-

specially developed homogeneously sintered and put emerging from the modulator facet is used

equilibrated Zn3As2 - ZnAs2 - GaAs source /3/. for pulse measurements, autocorrelation and

The second step consisted of a drive-in diffusion spectral analysis.

carried out at 8500C for 90 minutes in an eva- The autocorrelation trace of the periodic
cuated, sealed quartz ampoule. During the second pulses obtained by second harmonic generation

diffusion step the surface of the chip was pro- (SHG) in a LiJO 3 crystal are shown in fig. 2.

tected by a 3000 X thick SiO layer. After the

chip is contacted from the top side the upermost 3O°! . ...... 

GaAs layer is etched away in between the contacts, >= ps

to prevent by-pass currents from flowing through Z

the otherwise present parasitic p-n junction. 2 i1p.

With the separate diffusions the laser section
Zof 210 pm length is electrically isolated from 0 '

the 30 pm long modulator section. Both sections 1

are optically interconnected by an integrated

ficiency is estimated to be better than 95%. 0 0

The wafer is thinned down to 40 lim and the device TIM (pal -20 0 20 40 60 80

is mounted junction-up with Indium solder onto TIME DELAY Cps]

a type Ila diamond heat sink. To minimize the
reflection losses the laser facet facing the FIGURE 2a) Linear plot and 2b) semi-log plot of

external cavity is antireflection coated with a the autocorrelation function (ACF) of the pulse
intensity. Note the exponential dependence over

A/4 SiO layer. The residual reflectivity of this almost three decades. The symmetrical shape of

facet is estimated from the visibility fringes the ACF is confirmed experimentally whereas
the figure shows in detail only the part for

of the spectrum to be lower than lO 3. positive time delays.
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For these measurements, the laser was prebiased the spectrum measured under the operating con-

to a dc current of 80 mA. The comb generator is ditions of fig. 2 is 0.3 ± 0.04 nm which corres-

adjusted to 494.8 MHz, the frequency for opti- ponds to 110 ± 15 GHz. The resulting time band-

mally short optical pulses. A somewhat higher width product of 0.9 is about eight times larger

maximum of the SHG output is observed for

496.216 MHz. As can be seen from fig. 2a the 0.5nni/DIV.
SHG traces are smooth and show the 3:1 peak to

background ratio expected for background free

pulses. A semilog plot (fig. 2b) reveals a smooth AO.3±0% m
and precise exponential dependence on the delay Av= 110OG~n
time over almost three decades of SHG-intensity. Av=11OGHz

This indicates that the pulses are extremely

stable and free from disturbances due to spuri-

ous reflections within the external cavity. t8W.SIm
Assuming the individual pulses to be of one-sided

exponential shape /1,4/ on determines from the

FWHM of the SHG and the exponential shape of the FIGURE 4

SHG the width of the actual pulses to be as short Optical spectrum of the pulse of figure 2a).

as 8 ps. The peak power of these pulses was 432
mW. Fig. 3 shows how the FWHM of the autocorrela- than the predictions for transform limited

tion function (ACF) and pulse energy depend on pulses /I/.
The repetition rate of the pulses is in essence

determined by the length of the external cavity.
40 It was about 496 MHz. By means of the applied

f =46.2 *1z signal the repetition frequencycan be tuned ex-

ternally.The tunability without adverse effects on
0 0 pulse shape and duration was about ± 1 MHz. ThisL", 30- >"

3 4 twin section laser structure thus allows rela-

Z tive tuning ranges that are one to two orders

2 '7 8 of magnitude larger than usually encountered in
2. -ps laser setups /5/."_ 20"

0 4. CONCLUSIONS
SCURN [o We have demonstrated the suitability of TJS-LA' iR CURRENT [m^]

GaAs lasers with electrically isolated gain and
modulator sections for the generation of stable

FIGURE 3 picosecond pulses without substructures and

FWHM of the autocorrelation function (ACF) and bursts. The lasers are actively mode locked in
pulse energy v.s. laser dc current.

an external cavity and deliver 8 ps pulses of

the dc current through the gain section. At lo- over 400 mW at 898 nm and 496 MHz. In practical

wer laser currents the pulse energy decreases applications the large detunability eases the

and the pulses become wider. Actually the shape requirements on frequency precision of the mo-

of the ACF is not as perfectely exponential and dulating generator.

smooth as shown in fig 2b. The laser emission
is centered at 8984 R (see fig. 4). The width of
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B4.3.2

INDIUM TIN OXIDE - GALLIUM ARSENIDE PHOTODIODES FOR OPERATION AT FREQUENCIES BEYOND IIOGHz

D G Parker and W Sibbett*

GEC Research Limited, Hlrst Research Centre, East Lane, Wembley, Middlesex,
HA9 7PP, United Kingdom
* Dept of Physics, University of St Andrews, St Andrews, Fife, KY16 9SS, United Kingdom

An Indium Tin Oxide/GaAs photodiode has been demonstrated with -3dB bandwidths in excess of
110 GHz (-4 ps FWHM). This device exhibits an external quantum efficiency of 25%
(-O.2A/W) at 820 nm and is fundamentally limited by the active layer thickness. The device
has been mounted such that direct measurements of bandwidth could be made using external
mixers and a high-frequency spectrum analyser. The bandwidth agrees well with the
Fourier transform of a theoretically predicted pulse duration of 4.2 ps FWHM.
Corroborative data obtained using the optoelectronic cross-correlation technique are also
presented.

1. INTRODUCTION order of 100 GHz can be achieved. These
A fundamental component in any high devices unfortunately suffer from relatively

frequency optical system is a low noise low photosensitivities due to the limited
photodetector with sufficient bandwidth to meet transmission property of the metallic layer. A

the system requirement. In recent years, with solution is to use conducting Indium Tin Oxide

the advent of short pulse lasers, directly (ITO) to form the rectifying contact to GaAs.
modulated high frequency semiconductor lasers, It has been shown previously [3] that this

external modulators and laser heterodyne material produces diodes of excellent quality

techniques, there exists a need for fast capable of detecting light at very high

photodetectors so that powerful system concepts frequencies whilst transmitting the majority of

can be realised, the incident radiation.
Devices such as radiation damaged In this paper we report the fabrication and

photoconductive detectors have been assessment of devices operating beyond 110 GHz

demonstrated with response times in the order whilst exhibiting a high quantum efficiency of
of 4 ps [). However, these devices are 25% for 820 nm radiation. We believe this not

extremely inefficient normally requiring very only to be the fastest photodlode, but that it
high optical powers to achieve usable also exhibits the highest responsivity

electrical signals. A different approach is -bandwidth product yet reported. In addition,
the use of a vertical geometry detector such as this is the first time a detection bandwidth of

a p-I-n or Schottky barrier photodlode: the this magnitude has been measured directly and
latter having the added advantage of a reduced the results compared with optoelectronic
minority carrier contribution associated with correlation data.

the p-layer. These structures enable the
absorption layer thickness to be engineered to 2. DEVICE FABRICATION AND D.C. CHARACTERISATION

obtain the optimum compromise between A schematic representation of the device

capacitive and carrier transit time effects, structure is shown in Figure 1. It consists of
It has been demonstrated [2) that, by using a 0.45 pm thick n-absorbing layer

a thin, semi-transparent metal to form a (ND - 5 x 1015cm-3) over an underlying 0.5 pm

Schottky barrier photodlode, bandwidths in the n+ (ND - 3 x lO18cm-3) buffer layer to aid in
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the formation of a low resistance ohmic as high as 25% (0.2 A/W) at 820 nm which is

contact. The GaAs material is grown via the limited by the active layer thickness.

Vapour Phase Epitaxy technique at 715"C giving

a growth rate of 0.2 pm min-1. Deliniation of 3. DEVICE AND PACKAGE DESIGN

the device structure is achieved by a A theoretical design model has been

combination of wet mesa etching and proton developed which simulates both the inherent

damage. Hence, as the device structure is device response and the perturbation imposed by

grown on semi-insulating substrate the the external circuit. The carrier dynamics are

parasitic bonding pad capacitance becomes modelled by solving Poisson's equation for the

negligible. The active layer is 5 pm x 5 gm, charge density inside the device with

resulting in a capacitance of <10 pF. appropriate injection and boundary conditions

The ITO layer thickness is chosen to exploit associated with the applied bias and the

the dielectric properties of the material. The inherent barrier height. This then gives the

refractive index of the deposited layers is -2 localised electric field which will cause

making it an ideal antireflection coating to carrier flow and hence current. The new charge

GaAs. Hence, a 100 nm layer is deposited of distribution is then calculated using the

composition Ino.gSno.1O by R.F. sputtering from continuity equation. Having obtained this

an ITO target. response the SPICE equivalent circuit routine

Top contact I.TO. is used to model the effects of capacitance and

inductance. A simulation for the 5 pm x 5 pm
oh- cccmtact square device is shown in Figure 2. The series

package inductance used was 100 pH. The FWHM
n. of this pulse is 4.2 ps.

Maged a ive material so

Figure 1: Schematic section through the device 30

A D.C. electrical characterisation of the

structures was carried out using both

current/voltage and capacitance/voltage * 2

techniques. The barrier heights and ideality 0 2 4 ,,IV )

factors of typical ITO/GaAs diodes are Figure 2: Theoretically predicted impulse

(0.85 ± 0.05)eV and (1.05 ± 0.05) respectively, response showing FWHM of 4.2 ps

ITO is a wide bandgap semiconductor with a

bandgap Eg greater than 3.75 eV with its This 100 pH inductance is incorporated into

conductivity arising from n-type behaviour. In the package design which is critical. The

terms of electrical properties, therefore, the device is mounted on a quartz substrate,

material may be regarded as being degenerately microstrip submount. The bias is applied to

doped whereby it exhibits semimetallic the device via a hybrid integrated bias

characteristics and a Schottky barrier is thus network. This consisted of a high R.F.

formed. The reverse leakage currents are impedance line of nX/4 filtering length. The

typically c5 nA and sub-nanoamp values have D.C. return path for the bias Is via the

been measured for a bias voltage of -5V. At waveguide casing.

their normal operating voltage of -3V the The signal is transferred into an

devices have a measured quantum efficiency appropriate gauge waveguide for the frequency
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band of interest by a suitably designed involving a Pockel's cell for example.

millimetric transition. Such a transition The measured response characteristic In the

routinely demonstrates an insertion loss of 75-110 6Hz band for an applied reverse bias of

0.4 d8 and a return loss of ) 20 dB over the

75-110 GHz frequency band when referred to a

callibrated signal source.

4. HIGH FREQUENCY OPTICAL ASSESSMENT

Once mounted in the package described above

the bandwidth of the detector can be assessed. 60

The output is directly fed into a Fsoquwy 16fto

pre-calibrated, waveguide mounted mixer diode Figure 3: Frequency response of detector

which uses the amplified local oscillator showing experimental data (crosses) and

signal from a HP spectrum analyser as a theoretically predicted characteristic (solid

reference signal for the mixer. The analyser line).[The theoretical fit is the FFT of Figure

is then able to display the amplitude of the 2).

detector output against frequency.
The optical source used was an argon-pumped, -3V is shown in Figure 3 along with a

colliding pulse mode-locked dye laser, theoretical fit which is the Fast Fourier

Incorporated into this passively mode-locked Transform of the impulse shown in Figure 2.

C.W. ring configuration is an intracavity The response is flat in the region 0-75 GHz

sequence of four Brewster-angled prisms which within ±1 dB. It is clear from this data that

compensate for group velocity dispersion there is excellent agreement between theory and

effects allowing stable femtosecond pulses experiment, and that the -3 dB bandwidth is

stable femtosecond pulses to be established, around 115 GHz which is extrapolated from the

The laser routinely demonstrates a pulse available data. This close agreement would

* duration of <50 fsec at a repetition rate of imply that the FWHM impulse is approximately

100 MHz and at an operating wavelength of 4 ps.
630 nm.

The Fourier Transform of such a chain of 5. CORRELATION MEASUREMENTS

pulses has an amplitude envelope which is the The use of an optoelectronic correlation

transform of one individual pulse. Within this system in the assessment of high speed

exists a comb of real components which are detectors was first demonstrated by Auston and

spaced by the cavity frequency. In this case Smith [43. Either two fast photoconductive

this will be -3dB flat to over I THz and hence sampling gates are used to obtain an

any observed roll off will be associated purely autocorrelation or one gate Is used to sample

with the detector under test after the data is the response from a photodlode in a

normalised to the microwave test system, cross-correlation. To determine the response

Hence, this measurement technique Is absolute time of the ITO/GaAs photodiode a correlation

In the result obtained and it is simple to circuit response was constructed from 50 Q

extract the data. This is not the case In some track on a quartz substrate to limit

correlation measurements, such as that dispersion. In this experiment higher powers

described below, where the calculated response were required and hence, a synchronously pumped

depends upon the assumed pulse shape or in the dye laser was used with a frequency doubled

more elaborate electro-optic sampling methods C.W. mode-locked Nd:Yag laser as the pump
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Figure 4: Experimental arrangement for

correlation measurements

source. This laser produced 3 ps pulses with - im-0 o opied
1W. Jy (P SKI

an average power of 100 M at 620 nm at a Figure 5: Correlation function for (a) two

repetition rate of 82 MHz. The overall GaAs gates and (b) a 5 wn x 5 im ITO/GaAs

experimental arrangement is shown in Figure 4. photodiode with a GaAs sampling gate.

Initially, two proton damaged GaAs

photoconductors were used. The damage dose was and that the extremely close agreement is

1014 at an energy of 180 key and is introduced perhaps fortuitous.

into the sample to reduce the free carrier

recombination time. The correlation function 6. CONCLUSIONS

is shown in Figure 5(a). Reversal of the A 5 pm x 5 pm photodiode has been designed,

sample and signal beams yields a circuit fabricated and assessed. The device exhibits a

element response In the order of 1 ps. If, high quantum efficiency of 25% (0.2 A/W) at

Gaussian pulses are assumed, analysis of the 820 nm due to the use of transparent layer of

response results in a sampling aperture of Indium Tin Oxide to form the rectifying

4.5 ps. This value is suspect as the contact. The -3 dB bandwidth has been directly

functions are not purely Gaussian. The measured to be greater than 110 GHz (-4 psec

measurement of the device under test actually FWHM) which is in good agreement with a

perturbs the system, as in an electrical theoretical prediction and conventional

correlation the two pulses are not isolated. correlation data.

Hence, the function is not a true

auto-correlation and as a result the Gaussian 7. ACKNOWLEDGEMENTS
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B4.3.3

HIGH-SPEED CONTROL OF MICROWAVE SIGNALS USING InP:Fe PHOTOCONDUCTIVE DEVICES

Ingmar ANDERSSON and Sverre T. ENG*

Department of Electrical Measurements
Chalmers University of Technology
S-412 96 Gothenburg, Sweden

The feasibility of using InP:Fe photoconductive devices as high-speed microwave
switches has been demonstrated in the 0.01 -10 GHz frequency range, by fabrica-
ting a fiber optic compatible modified interdigitated gap (MIG) structure. Rise
and fall times of less than 100 ps have been measured and a power switching ratio
(PSWR) of 13 dB at 10 GHz has been achieved when illuminating the device with
10 mW of effective optical power (CW) from a semiconductor laser with a fiber
pigtail.

1. INTRODUCTION We report on an investigation of InP:Fe

Photoconductive devices have gained much photoconductive devices as high-speed switches

attention for high-speed switching of d.c. or in the 0.01 -10 GHz frequency range. A model

r.f. signals up to the gigahertz range [1-6]. for analyzing the microwave performance is

This is :ue to their picosecond response times, presented. In contrast to other reported opto-

high power handling capability, simplicity of electronic microwave switches [2-3], we have

operation and inherently near-perfect isolation been using a novel device structure. The struc-

of electrical and optical signals. The introduc- ture, which we call the modified interdigitated

tion of these optoelectronic devices in micro- gap (MIG) structure, is compatible with fiber

wave systems may lead to new applications where optic illumination and will improve the device

high-speed, low weight, and low cost are of characteristics at high frequencies.

*outmost importance e.g. future airborne radars.
Since the speed is mainly limited by the 2. MICROWAVE ANALYSIS

lifetime of the photo-induced carriers, the Figure la is a schematic presentation of the

choice of semiconductor material is crucial, frequently used single gap (SG) microstrip

Methods for short pulse generation in materials structure and Fig. lb is a top view illustra-

* with long lifetimes (e.g. i-Si) have been de- tion of the modified interdigitated gap (MIG)

monstrated [1-3], but these techniques suffer microstrip structure which we have used. The

from limited repetition rate and the need for microwave performance can be analyzed by using

two mutually delayed optical pulses. Devices the lumped element n equivalent circuit shown

made from materials with short carrier life- in Fig. 2, as a Ist-order approximation for

times such as GaAs:Cr and InP:Fe, do not need frequencies up to 10 GHz [2,6]. The active

two optical pulses since they turn off automa- region is modelled by gap and shunt conduct-

tically because of picosecond lifetimes [4-51. ances/capdcitances (Gg, Gs, Cg, and Cs), where

Both these materials are capable of high-speed the conductances depend on both the optical

operation. However, since higher conductance intensity and wavelength. Furthermore, the

values have been obtained in InP:Fe [5], this narrow microstrip lines and the bonding wires

material is more promising for high-speed opto- (if used) are represented by inductances (L

electronic switching of microwave signals. and LB, respectively), and the outer gap by

* S.T. Eno has a joint aoointment with Jet Propulsion Laboratory, California Institute of
Technology, Pasadena, California 91109, USA.
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capacitances (Cgo and Cso). In the case of SG device is given by (matched conditions, LB 0)

devices the model reduces to that of the active 2 (1)

region representation. i ' 2Z(G+jC

a) I+Zo (Gs+JC s) )[+Zo(2Gg+Gs+Jo(ZCg+Cs))]; ILLUMINATION

LiArostrip where Zo is the characteristic impedance.Electrodes It is clear, from this expression, that the
shunt elements will degrade the transmission

INPUT OUTPUT characteristics. By using proper laser wave-

Active lengths, yielding a very thin photoexcited

u P Region surface layer, the shunt conductances will beGround Plane

b) negligible small [6]. Moreover, the shunt ca-

ILLUMINATION pacitances can be minimized by keeping the gap

rl length small compared with the thickness of
the substrate (7]. Thus, the shunt elements

can generally be neglected.

One of the most important parameters when

using these devices as microwave switches is

the power switching ratio (on/off), which will

Outer Gap i Active 3e (SG device)
Region PSWR = s2112on

FIGURE 1 iS21 1 2 off (2)
a) Schematic presentation of a single gap (SG)

microstrip structure. 2Zo(Gon+J,.r 9 2Zo(GOff+JWCg 2

b) Top view illustration of the modified inter- = 1o2on+9g / 1 ff+jCg) 2
digitated gap (MIG) microstrip structure. 1+2Z (Go+iWC ) +2Z (G

g n off~jWg9
where Gon and Goff are the gap conductance in
the illuminated and non-illuminated state,

respectively.

---- .Figure 3 shows the calculated power switch-i*LL Le

ing ratio versus frequency using some typical
d4values for a SG device. It is clearly shown,

_that the main limiting factor at high frequen-

Active Re0n -1 cies is the gap capacitance. Consequently, in

order to improve the PSWR, the gap capacitance
FIGURE 2 must be reduced. This can be accomplished by

Equivalent w circuit model for analysis. using the IS structure, as will be shown in

the experimental results and discussions sec-
Referring to the model, the microwave trans- tion. At low frequencies the PSWR is set by the

mission can be calculated from the transmission ratio of Gon and Goff, High-resistivity mate-

S-paramter S21. The analytic expression of S21  rials such as InP:Fe will ensure low values of
"-in the general case (MIG) is quite complex. Goff.

However, the basic characteristics can be seen

from the expression for a SG device. The micro-
wave power transmission coefficient for a SG

1074U



7 -

70

50 Gon -5.10- 3 , 

340

c GO,.5IO03 S.g
S30 -Cg 30 W

20 on
Cg 30 F Time [50 ps/div ]10-C

. . .. .... .... ... , ,i,.FIGURE 4

0.01 0.1 1 10 Measured pulse response from an InP:Fe switch.
Frequency [ GHz ]

The microwave performance was investigated in
FIGURE 3 the 0.01 - 10 GHz range by measuring the power

Calculated power switching ratio (PSWR) versus switching ratio (PSWR) using a tracking genera-
frequency fora SGdevice (Zo =50l, Gof 1  tor and a spectrum analyzer. A high-power GaAlAs
3. EXPERIMENTAL RESULTS AND DISCUSSIONS laser, with a fiber pigtail (100ujmcore) and CW-

Photoconductive switches were fabricated on operated at 50 mWi, was used for illumination.
400 pm thick slices of InP:Fe by conventional The fiber output was imaged on the active regions
vacuum evaporation of contact material (Sn/Au) in a 1:1 scale by lenses. Figure 5 shows the

and lift-off techniques. For comparison purpose, measured power switching ratio for a MIG and a
both single gap (SG) and modified interdigita- SG device. The corresponding theoretical curves
ted gap (MIG) devices were made. The width of have been calculated from the model in Fig. 2,

the microstrip lines (broad section on the MIG) using the data in Table i. The good agreement
was designed to maintain the 50 Q geometry between measured and calculated data implies
(300 um). The electrode spacing (gap) was 4 pm, that the model describes the performance well.
the interdigital electrode lines were 4 jim wide The PSWR at 10 GHz for the MIG device was measu-
and 44 pm long (MIG). The overall active region red to be 13dB, while no PSWR could be observed
for the MIG devices was 60 x44 Pm2, and the for the SG device, which clearly shows the ad-
outer gap was 200 m. The slices were cut into vantages of the MIG structure. The difference in
individual devices (1 x I mm) and mounted. (bon- the PSWR at low frequencies is attributed to the
ded) in a high-speedmicrostrip line test package. different sizes in active regions (areas). The

The rise and fall times were measured by op- illumination efficiency (Aactive/Afiber) is about

erating the devices as photoconductive detectors 20% for the MIG device and about 5% for the SG
[1,4,5]. A directlymodulated GaAlAs semiconduc- device, corresponding to an effective optical

tor laser producing optical pulses 90 ps wide power of 10 mW and 2,5 MW, respectively.

(FWHM) was used for illumination. The electrical
output shown in Fig.4, was monitored bya Tektro- TABLE 1. Device data

nix sampling oscilloscope (tr<25ps).As can be evice Gon Goff g C s Cgo Uso L LB
seen in Fig. 4, the width of the electrical out- IS] [uS] If I [fFj [fF] [fF] [nH1 [nH]
put is close to 90 ps (FWHM), indicating rise and 4IG 5 10 3 .1 5 .9 .2 .5
fall times of less than 100 ps. The ringing is SG 1.3 10 30 .01 - - - .5

mainly caused by the microstrip test mount. Gon and Goff are estimated from dc measurements.
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6! Cacued 60 common single gap (SG) structure. Experimental

Measured - data for the initially fabricated MIG devices

50 indicate rise and fall times of less than 100 ps

(limited by the optical pulse). Power switching
40 ratios (PSWR) as high as 13 dB at 10 GHz has

- been measured when CW-illuminating the device

-(0with 10 mW of effective optical power from a

Claser with a fiber pigtail.
0. 20
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B4.3.4

EPITAXIAL SILICON AVALANCHE PHOTODIODES FOR SINGLE PHOTON DETECTION
WITH PICOSECOND RESOLUTION

Sergio COVA, Giancarlo RIPAOWI, Andrea LACAITA and Massimo GHIONI

Politecnico di Milano, Dipartimento di Elettronica, and
Centro Elettronica Quantistica e Strumentazione Elettronica CNR
P. Leonardo da Vinci 32, Milano 20133, Italy

Silicon avalanche photodiodes, designed to operate at bias higher than the breakdown
voltage, have been fabricated in a p epitaxial layer over a p++substrate. The device
structure was designed to obtain ultrafast detection of single optical photons, as
required in applications such as optical fiber testing, laser ranging, etc.. Experi-
merits demonstrate a time resolution having 45 picoseconds full-width at half aximm
and carrier diffusion effects remarkably lower than previous non-epitaxial devices.

1. INTRODUCTION providing wider spectral sensitivity range,

Ultrafast detection of single optical photons higher resolution in the measurement of the

can be obtained by means of p-n junction devices photon arrival time, low detector noise. They

operating in the triggered avalanche mode [1-91. are therefore particularly suitable detectors

Uniform breakdown characteristics over all the for the time-correlated single-photon counting

active area are obtained with a suitable device technique [111. Physical phenomena in the detec-

geometry and a careful fabrication process. The tor set limits to the time resolution and inter-

junction can be biased above the breakdown eating problems of semiconductor device research

voltage and a single photogenerated carrier can have to be dealt with in order to improve it.

trigger a self-sustaining avalanche current,

terminated by a quenching arrangement. By using 2. CARRIER DIFFUSION AND TINE RESOLUTION

active-quenching circuits t7,81 the devices are The structure of the previously implemented

operated in accurately controlled conditions and SPAD devices E7-91 is sketched in Figure 1. A

with short deadtime. Remarkable performance is deep diffused n- guard ring surrounds the shal-
thus achieved in working conditions suitable for low (0.3 ps) n+ layer of the active junction.The

various applications, such as optical fiber ring diffusion avoids edge breakdown and pro-

testing, laser ranging, fluorescent decay mea- vides a gettering action for the active junction

surementa, etc. [9,101. These devices, called region. The breakdown voltage Vb is about 28 V

single-photon avalanche diodes SPADs, are a for devices fabricated in 0.6 Ohm cm p wafers.
solid-state alternative to photomultiplier tubes The time resolution curve of a single-photon

detector is given by the statistical distribu-

n(O.TH1 ICONTACT tion of the delay from the photon arrival time

to the detection time [Ill. It can be experimen-
I tally measured in a time-correlated single-

. photon counting set-up by using a source of

+ ultrafast optical pulses. In our tests, gain-

U [ _ACONTACT switched diode lasers (121 were used to generate

pulses at wavelengths ranging from 785 to 904nmn.

FIGURE 1 The resolution curve of the device in Figure 2

Schematic cross section of the previous S exhibits two components: a fast peak and a slow

devices (dimensions in microns). tail, having intensity and shape dependent on
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the photon wavelength. An example of experimen- 1

tal test is shown in Figure 2. The peak is due

to photons absorbed in the depletion layer; full

widths at half maximm (iqi1iO values down to 60

pa have been reported by two of us L7-91. The 0 03

tail is due to carriers that are photogenerated

in the neutral region beneath the junction and •

reach the depletion layer by diffusion. The

wavelength dependence of the tail, which follows 10 050 100

from the variation of the optical absorption

coefficient, introduces a further complication Time (n )

in high resolution measurements. In fact, if the

resolution function is accurately known, the FIGURE 2

shape of ultrafast optical signals can be ob- Resolution test on the previous SPAD device with
laser pulses at 830 us. The long time scale and

tamned by deconvolution from the experimental the log vertical scale set in evidence the dif-

data. However, in order to know the actual reso- fusion tail and compress the fast peak to a sin-

lution function, it is necessary to measure,with gle point in the time origin with 4.1 105 counts.

good accuracy,the spectrum of the detected light

and the resolution curves at the various wave- geometry similar to the previous devices, a

lengths involved. This is a very complicate pro- remarkable reduction of diffusion effects had to

cedure,in practice not affordable in many cases, be expected provided that the substrate lifetime

The design of new devices with improved perfor- is sufficiently short, less than 100 ns. A 15

mance appears to be a more interesting and ef- milliOhmcm substrate (121 was hence adopted.

fective approach,since the diffusion effects are Experiments on the previous devices had shown

strongly dependent on the device geometry 1101. that the width of the fast peak is reduced as

the value of the maximum electric field is

3. SPAD DEVICE IN P EPILAYER OVER P+. SUBSTRATE increased 19), denoting that the fluctuations in

New SPAD devices were designed with the the avalanche build-up time decrease as the

principal aim of improving the time resolution, electric field is increased. The new devices

that is, of, reducing the weight of the diffusion were therefore designed to attain higher values

tails and the width of the fast peak. A simple of the maximum field, up to 550 kV/cm. A 4 Ohacm

approach is to design a device structure in a p epistrate was adopted; a boron ion implantation

epitaxial layer over a p++ substrate, as shown was used to increase the doping level in the

in Figure 3. The basic idea is to have a)long

carrier lifetime in the active region, as re- --. -(.3 TMK' ICONTACT

quired for having a low thermal generation rate

of carriers, and b)short lifetime in the sub- p EPI

strate, in order to reduce the probability that
S P*+

photogenerated carriers diffuse out of it. A

quantitative analysis of the time-dependent 'LAu CONTACT

diffusion effects in the epitaxial device geome-

try was carried out by means of a Nontecarlo FIGURE 3
simulation program, previously developed by two
of us 110). The computations showed that for an Schematic cross section of the SPAD device

structure fabricated in a p epitaxial layer over

epistrate thickness of 12 pm and a junction a p*+ substrate (dimensions in microns).
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active Junction, correspondingly increasing the

electric field at breakdown and lowering the CL

breakdown voltage to about 15 V. The guard ring 100 0

was designed to have much higher breakdown a
voltage, about 50 V, in order to make possible S

the operation of the active junction with high
CL

excess bias above the breakdown level. The 4 %
devices were fabricated by a planar process in a 1 00
the laboratories of LANEL-CNR, Bologna. S.

4. TESTS ON EPITAXIAL DEVICES AND CONCLUSIONS .. I I , I I I,,,,! Ia

The experimental tests confirm that the new 0.1 1
devices provide a remarkably improved time V-V b (Volt)
resolution. Figure 4 shows the result of a test

performed with a very fast diode laser. The FIGURE 5

4000 Dependence of the FPHM resolution of the p-p+
epitaxial SPAD device on the applied excess bias

. above the breakdown level.
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FIGURE 4
Reoltin1010

Resolution test on the p-p++ epitaxial SPAD, 0 50 100
performed at 785 na with a laser diode, produc-
ing a main pulse of about 40 ps duration follow- Time (ns)
ed by a small secondary pulse after ieO pa.

FIGURE 6

optical pulse width is specified to be about Resolution test on the Vp++ epitaxial SPAD

40 p, so that the FK resolution of the SPAD device. The drawing scales and the experimental
conditions are the sam as in Figure 2; the fast

may be estimated to be 45ps or less. The depen- peak in the time origin has 6.3 105 counts.
dence of the FWHM resolution of the new devices

on the excess bias above the breakdown voltage

was also measured. The results, reported in A natural question concerns the possibility

Figure 5, show that the behaviour is similar to of achieving further improvements in the time

that already observed for the previous non- resolution. The situation in different for the

epitaxial devices (91. As illustrated in Figure fast peak and for the diffusion tail in the

6, the experiments also showed that a remarkable resolution function. The fast peak is dominated

reduction of the diffusion tail is obtained, in by the statistical physics of the avalanche

close agreement with the results of the Monte- build-up in the device; in fact, the other

carlo simulation, possible causes of time dispersion bring negli-
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gible contributions. The carrier transit time more drastic reduction of the tailing effect in

dispersion is negligible, since the active the time resolution. Work is in progress in our

junction depletion layer width is less than one laboratory on a device structure in p epitaxial

micron; the trivial circuit jitter contribution layer over n substrate, in which the epistrate-

was always verified to be quite smaller than the substrate p-n junction acts as a sink for dif-

measured FWHM. Therefore, in order to ascertain fusing carriers.

how and to what extent the time resolution of

tne device can further be improved, a deeper and ACKNOWLEDGEMENTS
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